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Abstract

Synthesis of Polyhydroxyindolizidines and Analogs: 
A Triple Reductive Amination Approach

by

H ang Zhao

Adviser: Professor David R. M ootoo

The polyhydroxyindolizidines, castanosperm ine and swainsonine exhibit potential 

activity against various glycosidases. They have shown prom ise in the treatm ent of 

cancer and AIDS and other health disorders. As result there has been considerable 

interest in the synthesis o f analogues o f  those compounds.

Our approach to the polyhydroxyindolizidines relates the target to a tricarbonyl 

precursor via a triple reductive amination (TRA) reaction. A  key step in the preparation 

o f the tricarbonyl precursor was the haloetherification reaction of allylated C5 

furanosides or C 6 pyranosides. The haloetherification reaction was previously developed 

in this laboratory. The required allylated saccharide was obtained from  the appropriate 

m onosaccharide, through different allylation procedure.

The plan was first tested on castanospermine, and then extended to related 

polyhydroxyindolizidines, and to pyrrolizidine and quinolizidine analogues. The 

m ethodology successfully established the complex bicyclic fram ew ork w ith complete 

stereocontrol in a single step from the tricarbonyl precursor. The yield o f  the TRA 

reaction was somewhat m odest for the indolizidines (40 - 50 %), and very low for the 

quinolizidine (30 %) and pyrrolizidine (20 % ).
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The m echanism  o f the TRA was also investigated. The conclusions were based on 

com parison o f the yields and stereochem ical results for selected TRA and double 

reductive amination cyclizations. For the indolizidine systems the reaction could proceed 

through the intial formation o f either a five or six membered ring iminium  ion. However, 

it appears that form ation of six m em bered iminium ion is the favored process. It is also 

possible that a bicyclic [4'3 0] im inium  ion species could be involved. The lower yields 

obtained for the quinolizidine and pyrrolizidine systems might be an indication o f a 

slow er rate o f form ation o f the associated iminium  ions, which lead to increased 

form ation o f side products resulting from polyam ination.
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1

Chapter I 

Previous Syntheses of Polyhydroxylated Aza Bicyclo [m.n.O] Systems

1.1 Introduction

The inhibition o f glycosidases by azasugars has become an area of vast academic 

and industrial interest as evidenced by hundreds o f publications and patents over the past 

several years1. These enzymes catalyze carbohydrate hydrolysis in im portant processes 

such as digestion and glycoprotein biosynthesis. Their role in the trimm ing of cell-surface 

oligosaccharides has attracted special attention, because o f  the implication o f these 

carbohydrates in cellular recognition.

It is believed that, glycosidases act upon the glycosidic linkage o f 

oligosaccharides and glycopeptides by stabilizing an intermediate oxonium  ion, thus 

facilitating the lysis o f the glycoside bond (A -> B). Polyhydroxylated azasugars display 

similar hydroxylation motifs as the com m on hexoses, but contain an N in place o f the 

pyranose oxygen. It has been hypothesized that the m echanism  of inhibition o f 

glycosidase enzym es by azasugars is a result o f the protonation o f the nitrogen o f the 

azasugar ring at biological pH. This leads to an electronic m im ic (i.e. C), o f  the transition 

state involved in enzym atic hydrolysis. The protonated amine is believed to  interact with 

the negatively charged carboxylate (in the active site of the enzym e) which is responsible 

for charge stabilization of the positively charged, high energy oxonium  ion during normal 

hydrolysisla-2 (Fig 1-1).
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Figure 1-1

OH HOHO.

disaccharide
substrate

OH
oxocarbenium ion 
intermediate

azasugar 
mimic

A B

The polyhydroxyindolizidine alkaloids, castanospermine (1-1) and swainsonine 

(1-2) are two of the more prominent azasugar derivatives (Figure 1-2). They are noted for 

their potent glycosidase inhibitory activity3. Analogues have been used as biochemical 

tools and have been examined as chem otherapeutic agents in the treatm ent o f several 

disorders, including diabetes,4 cancer5 and H IV -I.6 Their selectivity against specific 

glycosides has been explained by the resem blance of the spatial arrangem ent o f the 

hydroxyl groups and the nitrogen to the glycosyl cation intermediate involved in substrate 

hydrolysis. For example, the activity o f castanospermine against glucosidases has been 

tied to the sim ilarity o f six m em bered ring to the glucosyl cation. In a less obvious way, 

the anti-m annosidase activity o f swainsonine has been related to the resem blance o f the 

five m em bered ring to the mannosyl cation.
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It has been suggested that their rigid, bicyclic structures are responsible for the 

strong inhibition of certain enzymes and the w eak inhibition o f others. This theory 

derives from the observation that related m onocyclic 1,5-iminoalditols, which should be 

more flexible are generally less selective and less potent. In connection with the design 

o f  more fine tuned analogues, there has been considerable interest in the synthesis o f 

diastereomeric structures o f (1-1) and (1-2),7 and also o f the related [4 4 0 ] and [3'3 0] 

systems.

F ig u re  1-2 Polyhydroxyindolizid ines: [4’3 0] System s

OH OHOH
HQ

HO

Castanospermine (1-1) Sw ainsonine(I-2)

2 H HO OH

HO

HO

2 H HO

HO

HO

1 -Epicastanosperm ine(I-3) 1 -D eoxycastanosperm ine(I-4) 1,8-Diepicastanospermine(I-5)
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Figure 1-3 Quinolizidine [4 4 0] and Pyrrolizidine [3 3 0] Systems

4

OH OH

HO

HC

Quinolizidine Analogue (1-6) Pyrrolizidine Analogue (1-7)

1.2 Review of Syntheses of Polyhydroxyindolizidines and Analogues.

The m ajor synthetic challenges are the stereoselective introduction o f the amine, 

and the construction o f the polyhydroxy-bicyclic-aza system with a minimum of 

functional group transform ations.

Two general strategies have been used, type A and B. These involve the 

cyclization o f  a polyol derivatives which contain either a terminal or an internal amino 

group, respectively.

Type A Type B
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Several different approaches to these amino polyol precursors have been reported. 

The “sugar-like” structure o f  the polyhydroxyindolizidines and analogues has led to 

carbohydrate based strategies in which chiral centers in the product are identified with 

those in a sugar precursor. O ther m ethodologies involve diastereoselection on simple 

non-carbohydrate starting m aterials. Representative syntheses are discussed in the 

following sections.

Type A: Cyclization of Polyol Derivatives with a Terminal Amine

Ganem  and cow orkers8 carried out the first total synthesis o f  castanospermine (I- 

1). They used 2,3,4-tri-O -benzyl-a-D -glucopyranose9 (1-8) (obtainable in four steps from 

m ethyl-a-D-glucose pyranoside), as starting material. Com pound (1-8) was transformed 

in eight straightforward steps to the amino-epoxide (1-9), which cyclized spontaneously 

and yielded 45 % piperidine (1-10). Oxidation o f (1-10), followed by reaction o f the 

resulting aldehyde with t-butyl lithioacetate gave a 1:1 m ixture o f diastereomers (1-11) 

and (1-12). These product were individually transform ed in three steps to 

castanospermine (1-1) and 1-epicastanosperm ine (1-4) respectively. Although relatively 

long and non-stereoselective, the synthesis established the absolute stereochem istry o f 

castanospermine as (IS , 6S, 7R, 8R, 8aR).
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Scheme 1-1.
OBn

Bn% . ^  >OBn
OBn OBn

OBn

8 Steps BnHN

OBn

I U \H  2_Stegs 

Bn

d-9) (1-10)

BnQ

OH OHOBn
HQ .OH HQBnQ ,v\\OBn 3 Steps 

L \H
^  ' COst-Bu 

OH

kOH
0O2t-Bu Bn

(1-12) (1-1) (1-3)

The stereoselectivity problem  was later solved by using a stereoselective Sakurai 

allylation10 to establish the C l chiral center. This reaction gave a single diastereom er (I- 

13) which was converted to castanosperm ine (1-1) in four steps. This m ethodology was 

applied to other hexose-derived aldehydes, leading to other analogues o f 

castanospermine.

Scheme 1-2.
OHOBn

OBn HO. .OHBnQ, .OBnBnQ OBn 4 Steps
2 Steps

.OH

OH Bn OHBn

(1-9) (1-13) (1-1)
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Cha and Pearson both utilized a reductive double cyclization approach on an 

azido-epoxide precursor11,12. As illustrated in the C ha’s synthesis the azide (1-16) was 

reduced to the prim ary amine, which under the reaction conditions resulted in 

intramolecular epoxide opening to form indolizidine lactam (1-17). Compound (1-17) was 

converted to castanosperm ine (1-1) in three steps. The azido epoxide precursor was 

obtained through the diene (1-15), in five steps from  readily available lactol (1-14)13,14. 

This reaction capitalized on the high diastereoselectivity o f  the Sharpless epoxidation15 

and dihydroxylation16 technologies.

Schem e 1-3.

OTIPS

2 Steps

T >  -
EtOOC

OH 9 H

3 Steps^ EtOOC

(1-14) (1-15)

OH N3

OH OH

H2, Pd/C; HO,
heat 

 ►

HO
O

3 Steps
C astanosperm ine (1-1)

d-17)

The intram olecular azide-alkene cyclization has been used by several workers to 

prepare the [m'nO] aza bicyclic frameworks. In one o f the early investigation, the
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Hudlicky observed that heating o f (1-18) to 450 °C gave aziridene (1-20). Compound (I- 

20) was transform ed under the reaction conditions, or in  a  separate step to the 

pyrrolizidine system  (1-21). The formation o f (1-20) presum ably proceeds through 

triazoline (1-19).

Schem e 1-4.

EtOOC

N

(1-18) (1-19)

COOEt

----------- --- E t O O C ^ ^ ^ ^  450 °C ^

(1-20) (1-21)

In Cha’s work, azide-alkene (1-23) cyclized to triazoline (1-24). Extrusion of 

nitrogen with rearrangem ent lead to the imine (1-25). It should be noted that in this case, 

The intermediate triazoline rearrangement to gave the imine, and not aziridene. 

Swainsonine (1-2) was obtained in 4 steps from (1-25). Pearson '9'20,21 and Taber22 later 

used a similar approach for assembly o f indolizidine and quinolizidine frameworks.
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Scheme 1-5.

S  sV v'O H  
) -----( _±Stegs EtooC

^  >•
H ff T>H

EtOOC

(1-22) d-23) (1-24)

EtOOC

d-25)

4 Steps Swainsonine (1-2) 

(1-2)

V ogel23 developed a m ethodology based on the straightforward, albeit lengthy 

elaboration of the known D iels-A lder adduct (1-26) to the amine (1-28). The 

intram olecular Sn2 reaction of (1-28) gave pyrrolidine (1-29). Com pound (1-29) was 

converted to phsphonoacetam ide (1-30) in three steps. Treatm ent o f (1-30) with K1CO3 

gave (1-31) via acetal hydrolysis and an intram olecular H om er-Em m ons condensation on 

the resulting lactol. Castanosperm ine (1-1) was obtained from  (1-31) in eight steps. This 

approach was also applied via a type B strategy (i.e. cyclization o f a secondary amino 

polyol precursor) to analogues o f castanosperm ine ( I - l ) 24.
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Scheme 1-6.

(1-26)

Bo
4 Steps V - P  V 4 Steps

MeO_ JO NH2

BnO
OBn

d-27) (1-28)

Br

. K 3

3 Steps

d-29)

»

BnO 

(0Et)2(0)P.

OBn OH

O

d-30) (1-31)

8 Steps

OH OH

HOT

(1-1)

Kiboyashi developed an enantioselective approach to swainsonine (1-2) utilizing 

as a key feature the intram olecular hetero D iels-Alder reaction o f the chiral acylnitroso 

com pound (I-33)25. Compound (1-33) was obtained in eleven steps from D-m alic acid (I- 

32). The cycloaddition o f (1-33) gave a separable m ixture o f the trans- and cis- 1,2-
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oxazinolactams (1-34) and (1-35) in a ratio o f 4.1 : 1 in 89% combined yield. The major 

product (1-34) was transform ed to swainsonine (1-2) over eight steps.

Scheme 1-7.

HOOC

OH

COOH

d-32)

OBn

11 Steps 
 ►

O

d-33)

OBn

O

4.1

(1-34)

OBn

+

O

d-35)

OBn

d-36)

2 Steps 6 Steps

NH
OSiPh2t-Bu

O

OH

(1-2)

Pandit26,27 developed a novel approach in which a  ring closing reaction was used 

to introduce the second amine ring. The diene precursor (1-40) was obtained in ten steps 

from methyl a-D -glucopyranside (1-37). Treatment o f (1-40) with the ruthenium  carbene 

complex (1-42) as a catalyst, led to form the bicyclic lactam (1-41) in 70 % yield. The 

bicyclic lactam (1-41) was converted to castanosperm ine (1-1) (four steps), or to other 

analogues.
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Scheme 1-8.

.OH

I IQ \  _5_Steps
hoA —- t ~A

OH |
OMe

N aC N B H ,
NH2"H C O U Fr BnO 

BnO

OBn
H 
N q 4  S tegs

OBn

d-37) d-38) d-39 )

OMe

BnO
BnO OBn

(1-42) (5% w/w) 
 ►

4 Steps
ho^ O

HO N.
BnO-*------

OH

(1-40) (1-41) (1-1)

.Ph

R u = Ph

C y =  cyclohexyl

(1-42)

Type B: Cyclization Polyol Derivatives with an internal Amine

Thom pson’s28 approach utilized the diastereoselective addition o f the dianion of 

4-(phenylsulfonyl)butanoic acid (4-PSBA) (1-45) to a chiral a-benzyloxym ethyl im ine (I- 

44). This provided a mixture o f  amines (1-46). In both products, the configuration o f the
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new ly form ed amine corresponding to that required for the target. The (IS , 8aS)-l- 

hydroxyindolizidine (1-48) was obtained after six straightforward steps.

Schem e 1-9.

HOOC

OBOM

COOH 6 Steqs BnN +  P h S 02 'COO' BF3-Et20

d-43 ) (1-44) d-45)

OBOM OBOM

OH OHT F A A
NBn

PhSO. COO'

O

OH

5 Steps

(1-46) d-47) (1-48)

Another strategy in which the C8a amine was introduced by the addition to an 

im inium  species was developed by Cham berlin29. This approach was based on the 

intram olecular addition o f a ketene thioacetal to a cyclic iminium  ion to give the 

indolizidine ring system. Thus, treatm ent o f (1-50) with m ethanesulfonyl chloride and 

triethylam ine provided (1-51) in 60 % yield. Nine additional steps including the 

introduction o f C8 chiral center led to swainsonine (1-2). This strategy was also used for 

preparation o f  castanospermine (1-1).
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Scheme 1-10.

HO
OH

P H
4 Step:HO

HO

d-49) d-50)

(1-51)

9 Steps

d-2)

Herczegh30 approach to the synthesis o f hydroxyquinolizidines involved the 

hetero-D iels-A lder reactions o f sugar-based azomethines (1-52). The reaction o f (1-53) 

and (1-54) provided a m ixture o f (1-55) and (1-56) in a ratio o f 9 : 1. The major product 

(1-55) w as transformed into (1-57) in 5 steps.
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Scheme 1-11.

Vn V  _
ri V ° \  ,SEt 3 Steps O X x \  ^  +  J°vV \^SEt ~ 'AfV >

OBn O Bn
OH O

° SiMe3 ZnC l2 

OM e

d-53) d-54 )

OBn O

" H  +

9

d -55)

OBn O

d-56)

OH 

O 5 Steps>

HO< ^ N>v^

d-57 )

OH

An efficient method for synthesis o f pyrrolizidines was worked out by Denm ark31. 

The key step is a Lewis acid -  prom oted, tandem inter [4 +  2] /  intra [3 + 2] cycloaddition 

on nitroalkene (1-58) and chiral p-silylvinyl ether (1-59). This led to nitro acetal (1-60). 

Compound (1-58) was obtained from  potassium nitroacetaldehyde with isopropyl 

fumaroyl chloride. The lactone (1-60) was reduced with L-Selectride, followed by 

hydrogenolysis o f the product with Raney Nickel, provided (1-62). The final product (I- 

63) was obtained after an additional six steps including reduction, elim ination and Tamao 

oxidation o f silyl group. Although this m ethodology is very powerful for preparation of 

pyrrolizidines, extension to indolizidines and quinolizidines will be more com plicated 

because o f the additional carbons required.
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Scheme 1-12.

i+-

.OG Lewis Acid

[4+2]/[3+2]

O

L-Selectride

d-58) (1-59) (1-60)

OH
Raney nickel^  

'SiMe2Ph 200  Psi H 2 OH

HOHO

(1-61) - (1-62) (1-63)

Z hou’s32 synthesis o f  swainsonine (1-2) was based on the oxidation o f  the a -  

furfuryl amide (1-64) to the prperidinenone (1-66). Kinetic resolution provided the 

required configuration o f the C8a amine. Com pound (1-66) was elaborated to (1-2) in 11 

additional steps.
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Scheme 1*13.

Ti(O i-Pr)4 
D-(-)-DIPT 
TBHP 
S i0 2, CaH->

+ HO'
T s

TsHN
TsHN

OMOM
OMOM OMOM

(1-64) d-65) (1-66)

11 Steps

OH
P H

(1-2)

1.3 Synthesis of [m'n'O] Systems via Reductive Amination Strategies

The aforem entioned approaches illustrate some of the general synthetic problem s 

in the synthesis o f  these aza [m.n.O] systems. In m any cases several o f the chiral centers 

in the target are introduced in low stereoselectivity. Secondly several protecting group 

steps are involving the alcohol groups and the amine. These procedures decrease the 

overall synthetic efficiency. Thirdly, in a num ber o f syntheses the starting m aterials are 

not easily accessible and, or, the reaction procedures are not straightforward. Fourthly the 

m ajority of these m ethods are not general for indolizidine, pyrrolizidine and quinolizidine 

frameworks.
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Approaches in which two cyclic amines are formed in the same reaction are 

attractive because o f  the potential for m inim izing functional group transform ations. Our 

approach to polyhydroxyindolizidines relates the target to a tricarbonyl precursor via a 

triple reductive amination (TRA) reaction. The tricarbonyl compound can be derived 

from the appropriate m onosaccharide by straightforward carbohydrate m ethods. The 

potential advantages o f this approach are:

1). The cyclization reaction forms two rings directly, with concomitant introduction of 

the amine and one chiral center C8a.

2). The starting sugars are com m ercially available and very inexpensive.

3). Starting with different sugars, different polyhydroxyindolizidines and analogues will 

be prepared by simply m odifying the basic procedure.

4). The TRA strategy may provide a general route to polyhydroxy-indolizidines, 

polyhydroxy-pyrrolizidines and polyhydroxy-quinolizidines.

Scheme 1-14.

Different Sugars

A or B= 5 or 6 membered rings, PG = protecting group
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The double reductive amination o f  dicarbonyl substrates to form piperidines and 

pyrrolidines is well known. The recent work by Reitz and co-workers33 is noteworthy in 

that high stereoselectivity was obtained at one or two newly formed aminated carbons.

Scheme 1-15.

CHPh2

CHO

Ph2CHNH2, MeOH
OH OHHCXHO OHHO

OHOH OH

d-67)

9 6

(1-68)

4

d-69)

o  O HOH2C CHPh2 HOH2C CHPh2 H O H zQ , £ HPhz
HOH2C ^ V  ZNaBHjC^  ^ ^ ^ ^ ^ C H 2OH +  aNCH2OH +  * . ^ y C H 2OH

OH Ph2CHNH2 h ^ “ Co h  +  h^ - C o h  h c T ^ O H

86 : 8 : 6 

(1-70) (1-71) (1-72) (1-73)
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Chapter II 

Total Synthesis of Castanospermine

II. 1 Retrosynthesis

Castanospermine (1-1) m ay be obtained by the TRA strategy on a tricarbonyl 

precursor ( I I - l)  (Scheme II-1)34. The introduction o f  the am ino residue at a late stage in 

the synthesis, with concom itant form ation o f  the indolizidine framework, could reduce 

the num ber o f functional group transformations. Potential problem s with this approach 

are the formation o f di- and tri- am inated products and low stereoselectivity at C8a. In 

addition the preparation o f  the tricarbonyl precursor m ight not be trivial. Studies from 

this laboratory have shown that the C6 allylated m onosaccharide (II-4) on treatm ent with 

iodonium  ion, in the presence o f  m ethanol undergoes a facile, high yielding reaction to a 

halo-TH F acetal (II-2)35. This reaction involves attack o f the ring oxygen as the first 

form ed halonium ion to  give the interm ediate oxonium  ion (II-3), which is converted to 

(II-2). This suggested a route to the requisite tricarbonyl precursor because the hydroxyl- 

alkene-acetal obtainable by reductive opening o f (II-2 ) can be regarded as a  precursor to 

the keto-dialdehyde (II-l). Since the halocyclization reaction is general for 

monosaccharides, this approach can be used to access diastereom eric tricarbonyl 

derivatives. C 6 allylated pyranosides o f the o f the type (II-4) are readily available from 

the parent pyranosides (e.g. (1-37)).
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Scheme II-l

HOV ^  J 2S -  Bn ° ^ / ^ ^ °  _N
i ^ . - >  '

OH OBn OBn OMe

(1-1) (IM ) (H-2)

BnO,

Bno a

BnO -^^pA  /
OBn |

OMe

BnO,

= >
OM e

OH

OMe

(H-3) (H-4) d-37 )

II.2  Synthesis

Allylm agnesium  bromide was added to the known aldehyde (II-5 )36'37-38 (4 steps 

from methyl a-D -glucopyranoside). Two isomers (II-7) and (II-6 ) in a 1:1 ratio were 

produced in 78 % yield. W hen the conditions developed by W hitesides39 (tin powder and 

allyl bromide in CH3CN-H2O (10:1)) was used, an 83 % yield o f (II-7) and (II-6) in a 9:1 

ratio was obtained. The stereochemistry of the products was tentatively assigned by 

comparison of the NM R with that o f related C6 -gluco pyranoside alcohols40. 

Chrom atographic separation and benzylation o f the major product (II-7), gave (II-4). 

Treatment o f (II-4) with iodonium  dicollidine perchlorate (IDCP) /  CHbCW M eOH 

provided a mixture o f iodo-TH F’s (II-2). This reaction was com pleted within 30 min.
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Zinc mediated reductive elimination o f the crude product led to the alkenyl-acetal-alcohol 

(II-8) in 74% overall yield from the pyranoside alkene (II-4).

Schem e II-2

OHC HO, BnO,

BnO
83%  BnO BnO 97%  BnOBnO

OBn BnO BnO BnO
OBnOBn OBnOMe

OMe OMe OMe

1 : 9

(II-5) (II-6) (II-7) (II-4)

(II-2 ) (H -8)

Key: (a). CH2=CH CH2Br, Sn, CH3CN : H 20  = 10 : 1; b). NaH , BnBr, Bu4NI, DMF; c). 

IDCP, MeOH, CH2C12; d). activated Zn, 95% EtOH;
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The conversion of (II-8) to the requisite tricarbonyl compound (II-l) was 

achieved in 86 % via a three-step sequence o f  reactions: alcohol oxidation using the 

Sw em ’s procedure to give the ketone (II-9), ozonolysis o f the alkene (II-9), and acetal 

hydrolysis o f the resulting keto aldehyde (11-10). The product (II-l) did not show any 

aldehyde signals in the 'H-NM R. Instead signals at 5.17-5.53 ppm  (m, 2H) corresponding 

to acetal protons, were observed. No signals for carbonyl carbons were observed in the 

l3C NM R, but resonaces at 93.70 ppm , 93.92 ppm, 97.33 ppm, 98.14 ppm , 103.52 ppm, 

and 103.67 ppm, matching acetal carbons, were present. This data is consistent with the 

acetal structure (Il-lb). The elem ental analysis and mass spectrum was also consistent 

with (Il-lb). (Scheme II-3)

Treatment of (Il-lb) in anhydrous methanol, with 1.5 equivalents o f ammonium 

formate and 30 equivalents of sodium  cyanoborohydride, over 24 h, led to the formation 

o f a m ajor compound (11-11) in 53%  yield, after chrom atography41. W ithin the limits of 

NM R detection, less than 5% o f the C 8a epim er was observed. An intractable m ixture o f 

several m inor, highly polar com ponents (-20% ) was obtained. The structure o f (11-11) 

was confirm ed by 2D COSY analysis. Hydrogenolysis o f (11-11) gave a product which 

was essentially identical with natural castanosperm ine (1-1), and samples from other 

synthetic studies (tic, mp, NM R, cxd)8'12'29'42. The overall yield o f (1-1) from methyl 4,6,- 

O-benzylid

ene-a-D -glucopyranoside was 18 % over 12 steps, which represents one o f the 

most efficient syntheses of castanosperm ine (1-1). (Scheme II-4)
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Scheme II-3

(II-8) (II-9) (11-10)

95%

■OHBnO,
BnO,

BnO BnO
BnO CHO BnO O H

OBn OBn

53%

(Il-la) (Il-lb)

HO,

HO
HO

OH

BnO,

BnO
B nO

O Bn

(11-11) (1-1)

Key: e). (CO C l)2, DM SO, E t3N, CH2C12; f). 0 3, CH2C12 : MeOH = 5 : 1 ;  g). HC1, H20 , 

THF; h). H C O O N H 4, NaBH3CN, MeOH; i). Pd1C 10%, HCOOH, M eOH;
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Scheme II-4

OHQ
"S -O

Q  3 Steps /  \  7
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HQ OH
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BnO OBn

B n O A ^ c H O  OH o h
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Steps^ /  CHO 2 Steps> |  } \
46%  B n O J — { . 42%

BnO OBn 

9 steps 

19 %

H O'

12 Steps

18 %

II.3 Mechanistic Studies

The preponderance o f  m onoam ination vs. di- and tri- aminated products suggests 

that initial amination on (II-l) occurs at one o f the carbonyl groups (more likely one or 

other o f the two aldehydes), and the resulting carbinolam ine or amine undergoes 

sequential intramolecular reactions w ith the rem aining carbonyl groups, at a faster rate 

than a second or third interm olecular amination. According to this m echanism , 

stereoselectivity will be determ ined by in the hydride addition to monocyclic or bicyclic 

iminium ions (11-12), (11-13) or (11-14) (Scheme II-5)41. The facial biases o f (11-12), (II- 

13) and (11-14) may be opposed, in w hich case the overall stereoselectivity will be poor if 

there is no preferred product determining pathway. If all three have the same 

stereochemical bias, the irrelative rates of reduction are inconsequential, and prediction 

o f the stereochemical result is clear-cut. This appears to be situation for the case at hand.

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



26

Scheme II-5

BnO,

> = N H

CHO

Path A
BnO O Bn

(11-12)

BnOBnO BnO.'CHO

Path Bt = N
BnOU"- CHO BnOU"'

BnO OBnBnO OBn BnO OBn
(11-11 )(H-13)(II-l)

BnO,
CHO Path CX = OH or H

BnO OBn(11-14)

Hydride reduction on (11-12), (11-13) and (11-14) is expected to occur w ith high 

selectivity in the same sense. This conclusion follows from the proposed model for the 

addition o f  nucleophiles to cyclic im inium  ions43, and results o f the double reductive 

amination o f closely related system s (Schem e II-6 a / II-6b)29'33'41. Thus, reduction of the 

five m em bered iminium  ion like (11-12) is expected to occur anti to the a-benzyloxy
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substituent to afford pyrrolidine (11-21) (Scheme II-6b). Nucleophilic addition to cyclic 

six-membered im inium  ions like (11-14) is expected to occur via the half chair in which 

the benzyloxy substituents are in pseudo-equatorial positions. Addition o f hydride in an 

axial trajectory to give (11-18) is favored because this results in a chair-like transition 

state geometry (Schem e II-6a)43. Extension o f this model to  the bicyclic species (11-13) 

would give the sam e facial preference.

Scheme II-6a

H

BnOxV'

BnO O B n  —

F TRA

CHO

u b n
( i i - i5 )  h

BnO

H 1 H ’ (favored) 
(11-16)

(disfavored) ̂

H

(H-17)

Scheme II-6b

R n O '< H‘ disfavored

H 'favored

(H-19) (11-20) (11-21)
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In order to get a clearer picture o f the reaction m echanism , attempts were m ade to 

isolate the intermediate reduction products. H ow ever these were not successful. 

Reduction in the amount o f  sodium  cyanoborohydride or shorter reaction times led to 

varying amounts o f the final product and a com plex m ixture o f m ore polar components, 

which were not separable. Next, the double reductive aminations o f the five and six 

m em bered ring were separately exam ined, on the assumption that the yield and 

stereoselectivity o f these reactions would provide mechanistic insight.

Hydrolysis o f the previously described keto acetal (II-9) with 9M HC1 gave a 

m ixture o f keto-aldehyde (II-22a) and acetals (II-22b). Treatment o f the m ixture under 

the TRA conditions gave a single product (11-23) in 43% yield. The configuration o f C 8a 

was determ ined by NM R (ID  & 2D), and was identical w ith that o f  C 8a in 

castanosperm ine. (Scheme II-7)

Scheme II-7

BnO. BnO.BnO. BnO.

HO NH•OMe 97%

OMe „  v  
B n u

.43%
CHO ■OH

BnO BnO' BnO'

BnO OBn BnO O B nBnO BnO O B nOBn

(II-9) (II-22a) (II-22b) (11-23)

Key: (a) TH F— 9M HC1; (b ) 1.5 (eq) N H 4H C O 2, 30 (eq) NaCNBH3, M eOH.
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The keto-aldehyde (11-28) was also prepared from  keto-alkene (II-9). W ittg 

m ethylenation o f  compound (II-9) provided to diene (11-24), Hydrolysis o f (11-24), 

followed by aldehyde reduction and benzylation o f the resulting alcohol, provided diene 

ether (11-27). Ozonolysis of (11-27) gave the keto-aldehyde (11-28). Treatm ent o f (11-28) 

under reductive amination conditions gave a m ixture of two compounds (11-29) and an 

unidentified m ixture o f lower polarity, in 20 % and 15 % yield respectively. The 

stereochem istry o f  (11-29) was assigned by CO SY, and NO ESY NMR. nO e’s between H 3 

and H 4 and the same H] proton indicated that all three protons are cis and that (11-29) was 

the pyrrolidine w ith the same C 8a stereochem istry as castanospermine. (fig II- l)
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Scheme II-8

BnO,

OMe

OMeBnO

BnO O B n

BnOBnO,

OMe
CHO

OMe BnOBnO
O B nBnOOBnBnO

(II-9) (11-24) (11-25)

BnO,

CH2OBn
BnO

OBnBnO

BnO,

BnO

OBnBnO

BnO,

CH2OH
BnO

OBnBnO

(11-26) (11-27) (11-28)

BnO,

CH2OBn
BnO

BnO OBn

(11-29)

Key: (a). Ph3P=CH2; (b) TH F— 9M HC1; (c) NaBH4, EtOH; (d) NaH, BnBr, n-Bu4NI; 

(e) 0 3, CH2C12, -78 °C then Ph3P; (f) 1.5 (eq) NH4H C 0 2, 30 (eq) NaCN BH 3, M eOH.
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Figure II-l

< 1 %

BnQ

NH

< 1%

That the stereochem istry of both the piperidine and pyrrolidine products is the 

same as in product o f the TRA, does not distinguish any o f the three pathways. H ow ever 

the much lower yield o f the pyrrolidine product suggests that path A is a m inor pathway 

in the TR A .(Schem e II-5)

II.4 Experimental

II.4.1 General Procedures

Proton and Carbon Nuclear M agnetic Resonance ('H -N M R and 13C-NM R) were 

recorded on a  GE, QE 300 instrument or Varian Unity Plus 500 M Hz instruments in C&D6 

or CDCI3 solutions, with CHCI3 or CeH6 respectively as internal standard. Chem ical 

shifts were reported in parts per million (8) downfield from tetramethylsilane; coupling 

constants (J) are given in Hertz (Hz). The splitting patterns are designated s (singlet), d 

(doublet), dd (double doublet), t (triplet), dt (double triplet), q (quartet), m  (multiplet), 

and br (broad). Hydroxyl protons were identified by exchanged with deuterium oxide. 

Elem ental analysis were perform ed by Schw arzkopf M icroanalysis Laboratory. High 

Resolution M ass Spectrom etry (HRM S) was carried out by the M ass Spectrom etry
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Laboratory, U niversity o f Illinois at Urbana-champaign. Optical rotations were 

determined on a Rudolph Research AUTOPOL III automatic polarimeter. M elting points 

are reported uncorrected.

The progress o f all reactions was m onitored by thin layer chrom atography (tic) on 

aluminum sheets precoated with silica gel 60 (HF-254, E. M erck) to a thickness o f 0.25 

mm. Chrom atogram s were visualized under ultraviolet light, or sprayed with a solution of 

ammonium m olybdate VI tetrahydrate (12.5g) and cerium  (IV) sulfate tetrahydrate (5.0g) 

in 10% aqueous sulfuric acid (500mL) and charred by heating on a hot plate. Flash 

chrom atography was perform ed using Kieselgel 60 (230-400 m esh) and unless otherwise 

stated employed a stepw ise solvent polarity gradient o f the solvent m ixture reported for 

tic. Solvent m ixtures o f ethyl acetate (EtOAc) and petroleum  ether (P.E) bp. 35 -  60 °C, 

were comm only used.

Solvents were reagent grade and were used without further purification, unless 

otherwise stated. Anhydrous diethyl ether and THF were distilled under N t from sodium 

and potassium benzophenone ketyl. Anhydrous dichloromethane (CHiCL) was distilled 

from phosphorous pentaoxide (P2 O5 ). Anhydrous triethylam ine (Et3N) and 

dim ethylform am ide (DM F) were distilled from calcium  hydride. Benzene and toluene 

were dried by azeotropic removal o f water.

II.4.2 Benzylation of Alcohols

Tetra-butylam m onium  iodide (0.1 mol / mol o f alcohol) and sodium  hydride (1.5 

mol /  mol o f alcohol, 60%  suspension in mineral oil), were added to a solution o f the 

alcohol in dry D M F (5 mL /  mmol o f alcohol) at 0°C. After stirring at this tem perature for 

20 min, benzyl brom ide (1.2 mmol /  mmol o f alcohol) was added. The reaction m ixture
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was w anned to rt, and stirred for an additional one hour. The mixture was recooled to 

0°C, carefully quenched w ith methanol, and diluted w ith water. The resulting suspension 

was extracted w ith ether (x 3), the combined organic phase was washed with brine, dried 

(Na2S04 ), filtered, and concentrated in vacuo. The residue was purified by flash 

chromatography.

11.4.3 Iodoetherification of Pyranoside Alkenes

To a stirred solution o f the pyranoside alkene in dry CHiCL (10 mL /  mmol o f 

alkene) and the desired nucleophile (water, m ethanol, or 4-methoxybenzyl alcohol, 3.0 

m mol / mmol o f alkene), was added iodonium dicollidine perchlorate35 (IDCP, 1.2 mmol 

/  mmol of alkene). The progress o f the reaction was followed by tic. Upon completion 

(about 20  min.), the reaction was quenched with saturated aqueous NaiSiCTs solution, and 

extracted with ether (x 3). The combined organic extract was dried (NajSCL), filtered, 

and concentrated in vacuo. The residue was purified by flash chromatography.

11.4.4 Reductive Elimination of Iodo THF’s

A m ixture o f iodo-TH F’s and freshly activated Zn dust (10 mmol / mmol o f iodo- 

T H F’s) in 95% EtOH (10 m L /  mmol o f  iodo-TH F’s) was heated at reflux for 30 min. 

The reaction m ixture was cooled to rt and filtered through a short column of celite. The 

filtrate was concentrated in vacuo. The residue was purified by flash chromatography.
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11.4.5 Swern’s Oxidation44 of Alcohols

DM SO (3.0 mmol /  mmol of alcohol) was slowly added to a solution o f oxalyl 

chloride (2.5 mmol /  mmol o f alcohol) in anhydrous CH2CI2 (3 mL /  mmol of alcohol) at 

-7 8  °C. The reaction mixture was stirred at this temperature for 20 min, at which time a 

solution o f alcohol in anhydrous CH2CI2 (5 mL /  mmol o f alcohol) was slowly 

introduced. Stirring w as continued at this temperature for an additional 20 min, then EtjN  

(5.0 mmol /  mmol o f alcohol) was added to the solution. The reaction mixture was 

warmed to rt, then diluted with ether (15 mL / mmol o f  alcohol). The resulting 

suspension was washed with saturated NaHCOj, and the aqueous layer extracted with 

ether (3 x). The com bined organic phase was washed with brine, dried (Na2SC>4), filtered 

and evaporated in vacuo. The crude residue was purified by flash chromatography.

11.4.6 Preparation of Pyranoside Aldehyde (II-5)38

OH
O H C

P h P h
B nOB nO

BnOH O B nOB n O O B nO H O B nO B n O M eO M e O M eO M e

(H-5)

The known methyl 4 ,6 ,-O -benzyIidine-a-D -gIucopyranoside45 (10.0 g, 35.5 

mmol) from methyl a-D -glucopyranoside in one step was benzylated according to the 

general procedure for benzylation (II.4.2). M ethyl 4, 6 ,-0-benzylid ine-2 ,3-d i-0-benzyl- 

a-D -glucopyranoside (15.4 g, 94% ) was obtained; Rf = 0.70 (EtOAc : PE = 20 : 80); 'H
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NM R (CDCI3) 8  3.41 (s, 3H), 3.55 (dd, 1H, J = 3.6, 9.2 Hz), 3.61 (t, 1H, J = 9.2 Hz), 3.71 

(t, 1H, J = 10.2 Hz), 3.85 (m, 1H), 4.05 (t, 1H, J =  9.2 Hz), 4.27 (dd, 1H, J =  4.8, 9.2 Hz), 

4.60 (d, 1H, J = 3.6 Hz), 4.78 (ABq, A8 = 0.16 ppm, 2H, J = 12.4 Hz), 4.88 (ABq, A8 = 

0.10 ppm, 2H, J = 11.1 Hz), 5.56 (s, 1H), 7.37 (m, 15H); 13C NM R (CDC13) 5 55.53,

62.51, 69.23, 73.93, 75.48, 78.76, 79.37, 82.30, 99.35, 101.38, 126.12, 127.64, 127.98,

128.08, 128.17, 128.28, 128.37, 128.51, 128.96, 137.49, 138.23, 138.81.

M ethyl 4, 6,-0-benzylidene-2,3-di-0-benzyl-oc-D -glucopyranoside (15.4 g, 33.2 

mmol) in anhydrous CH2CI2 (60 mL) was added to a suspension o f lithium aluminum 

hydride (1.51 g, 39.8 mmol) in anhydrous 1 : 1 CH2C l2-diethyl ether (60 mL). An 

ethereal solution of aluminum trichloride (5.18 g, 39.8 mmol) was added to the resulting 

suspension such that the final ratio of C ^ C L -d ie th y l ether was 1 : 3 (v / v). The reaction 

m ixture was heated at reflux for 40 h, under an argon atmosphere. The reaction was 

quenched by adding cold water, and the m ixture extracted with ether and chloroform. The 

combined organic phase was dried (Na2SC>4), filtered and concentrated in vacuo. Flash 

chrom atography gave methyl 2 ,3 ,4-tri-O -benzyl-a-D -glucopyranoside (15.1 g, 98 %). Rf 

= 0.30 (EtOAc : PE = 20 : 80); fH NM R (CDC13) 8 1.76 (br, 1H), 3.37 (s, 3H), 3.48 (m, 

2H), 3.67 (m, 3H), 3.96 (t, 1H, J =  10.2 Hz), 4.53 (d, 1H, J = 3.6 Hz), 4.68 (ABq, AS = 

0.18 ppm, 2H, J = 12.0 Hz), 4.74 (ABq, A8 = 0.25 ppm , 2H, J = 11.7 Hz), 4.87 (ABq, A5 

= 0.16 ppm, 2H, J = 11.1 Hz), 7.24 (m, 15H); 13C NM R (CDCI3) 6  55.31, 62.02, 70.92, 

73.53, 75.14, 75.83, 77.66, 80.26, 82.11, 98.35, 127.70, 127.96, 128.06, 128.10, 128.21,

128.51, 128.59, 138.34, 138.97.

Application o f the general procedure for Sw em ’s oxidation to the alcohol from 

the previous step (5.8 g, mmol) gave aldehyde (II-5) in quantitative yield. Rf = 0.30
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(EtOAc : PE = 20 : 80); ‘H NM R (CDC13) 5 3.39, 3.41 (s, 3H), 3.49 (m, 2H), 3.78 (m, 

1H), 4.00 (t, 1H, J = 9.3 Hz), 4.61 -  5.01, 9.68 (m, 8H), 7.34 (m, 15H); 13C NM R 

(CDCIj) 6 56.09, 56.52, 63.93, 73.52, 74.21, 74.31, 74.94, 75.81, 75.89, 75.97, 76.36, 

76.46, 77.94, 78.02, 78.30, 78.56, 78.96, 79.33, 80.07, 80.58, 80.71, 82.46, 82.56, 82.83, 

98.84, 98.93, 99.02, 99.11, 128.13 -  129.12 (several lines), 138.47, 138.68, 138.84,

139.08, 139.30, 207.63.

II.4.7 Allylation of Pyranoside Aldehyde (II-5)

Allylation with Sn/AUyl Bromide

Tin pow der (121 mg, 1.02mmol, 100 mesh) and allyl bromide (0.136 mL, 1.53 

m m ol) was added to a solution o f aldehyde (II-5) (236 mg, 0.51mmol) in a m ixture of 

10:1 CH3CN : H2O (11 mL). The reaction was placed in an ultrasonic bath for 16 h. 6M 

NaOH was then added to the reaction m ixture to pH = 8, and the resulting slurry filtered 

through a celite pad. The filtrate was extracted with ether (3 x 30 mL). The combined 

organic phase was washed with brine (30 mL), dried (Na2SC>4), filtered and evaporated in 

vacuo. Flash chrom atography afforded a m ajor com ponent (II-7) (193 mg, 75% ) and a 

m inor com ponent (II-6 ) (20 mg, 8%).
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Allylation with AUylmagnesium Bromide

To a solution o f  the aldehyde (II-5) (236 mg, 0.51m mol) in anhydrous THF (60 

mL) was added dropwise allylm agnesium  bromide (1M in THF, 38.7 mL, 38.7 mmol) in 

a period o f 20 min at 0 °C. After an additional 30 min, saturated aqueous NH 4 CI (100 

mL) was added. The m ixture was extracted with ether (3 X). The com bined organic phase 

was washed with brine, dried (N aiS O l) and concentrated in vacuo. The residue was 

purified by flash chrom atography to afforded a m ixture o f (II-6 ) and (II-7) (5.10 g, 78%, 

1 : 1).

For (II-7): R f = 0.70 (EtOAc : P.E = 40 : 60); ‘H NM R (CDCI3) 8 2.23 (m, 1H), 2.36 

(m, 1H), 3.32 (s, 3H), 3.46 (dd, 1H, J = 3.6, 9.6 Hz), 3.50 (d, 1H, J = 9.3 Hz), 3.65 (t, 1H, 

J = 9.3 Hz), 3.86 (m, 1H), 3.95 (t, 1H, J =  9.3 Hz), 4.55 (d, 1H, J = 3.6 Hz), 4.69 (ABq, 

A5 = 0.15 ppm, 2H, J = 12.0 Hz), 4.76 (ABq, AS = 0.22 ppm, 2H, J =  10.8 Hz), 4.87 

(ABq, A8 = 0.15 ppm, 2H, J = 10.8 Hz), 5.07 (m, 2H), 5.78 (m, 1H), 7.25 -7 .32  (m, 

15H); l3C NMR (CDCI3) 8 38.83, 55.48, 68.12, 71.75, 73.63, 75.33, 75.89, 77.83, 80.02, 

82.25, 98.56, 118.00, 127.74, 127.93, 128.10, 128.31, 128.62, 135.00, 138.34, 138.53, 

138.98

For (II-6 ): Rf = 0.65 (EtOAc : P.E = 40 : 60); ]H NM R (CDCI3) 8 2.20 (m, 2H), 2.28 

(br, 1H), 3.31 (s, 3H), 3.43 (m, 2H), 3.62 (dd, 1H, J = 4.5, 9.9 Hz), 3.77 (m, 1H), 3.96 (t, 

1H, J = 9.3 Hz), 4.50 (d, 1H, J = 3.6 Hz), 4.65 (ABq, A8 = 0.13 ppm, 2H, J = 11.7 Hz), 

4.74 (ABq, A8 = 0.32 ppm, 2H, J = 11.1 Hz), 4.84 (ABq, AS = 0.22 ppm, 2H, J = 10.8 

Hz), 5.00 (m, 2H), 5.79 (m, 1H), 7.15 -7 .3 6  (m, 15H); 13C NM R (CDC13) 5 36.74, 55.40, 

71.65, 71.84, 73.38, 74.81, 75.75, 79.79, 80.38, 82.45, 97.96, 117.39, 127.73-128.51 

(several lines), 135.27, 137.88, 138.20, 138.73.

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



38

II.4.8 Preparation of Pyranoside Alkene (II-4)

HO,

BnO
BnO

OBn
OM e

BnO,

BnO
BnO

OBn
OMe

(II-7) (II-4)

The major product (II-7) from  the previous step (4.8 g, 9.5 mmol) was benzylated 

according to the general procedure for benzylation o f alcohol (II.4.2). Com pound (II-4) 

(5.50 g, 97%) was obtained; [ a ]D -20.1  (c = 5.7, CHCI3); R f = 0.80 (EtOAc : PE = 20 : 

80); 'H  NMR (CDCI3) 5 2.58 (m, 2H), 3.41 (s, 3H), 3.59 (dd, 1H, J = 3.6, 9.9 Hz), 3.72 

(m, 2H), 3.89 (dd, 1H, J = 5.4, 8.4 Hz), 4.34 (d, 1H, J = 11.1 Hz), 4.38 (d, 1H, J =  11.7 

Hz), 4.69 (m, 2H), 4.81 (ABq, A5 = 0.02 ppm, 2H, J = 10.5 Hz), 4.90 (d, 1H, J =  11.4 

Hz), 5.01 (d, 1H, J = 10.5 Hz), 5.14 (m, 2H), 5.86 (m, 1H), 7.34 (m, 20H); 13C NM R 

(CDCI3) 8 34.51, 55.78, 71.09, 71.99, 73.58, 74.72, 75.71, 75.99, 80.06, 82.62, 98.55,

117.78, 127.63 - 128.55 (several lines), 134.79, 138.21, 138.35, 138.79.
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II.4.9 Preparation of Hydroxy Alkene (II-8)

Pyranoside alkene (II-4) (3.21 g, 6.9 m mol) was treated according to the general 

procedure for iodoetherification o f alkenes (II.4.3) using M eOH as the nucleophile. A 

mixture o f products (II-2) was obtained. For characterization purposes, a sample o f this 

material was purified by flash chrom atography; R f  = 0.50 (EtOAc : P.E = 20 : 80); 'H  

N M R (CDCI3) 8 1.29, 1.66, 2.19, 2.43 (m, 2H), 3.21 (m, 2H), 3.27, 3.31, 3.46, 3.51 (s, 

6H), 3.95 (m, 3H), 4.21 -  4.38 (m, 5H), 4.50 -  4 .92 (m, 7H), 7.34 (m, 20H); 13C  NM R 

(CDCI3) 5 10.05, 12.52, 35.64, 37.86, 54.52, 54.65, 56.13, 56.27, 70.96, 71.08, 74.11, 

74 .4 3 , 74.87, 74.96, 75.36, 76.34, 76.67, 78.63, 79.12, 80.11, 81.73, 82.53, 83.62, 85.67, 

106.13, 106.26, 127.31 -  128.48 (several lines), 138.01, 138.22, 138.87, 139.10, 139.39,

139.51.

The crude product (II-2) from  last step was treated according to the general 

procedure for reductive elimination (II.4 .4), This provided hydroxyl alkene (II-8 ) (2.1 g, 

74% ). [ a ] D +26.8 (c = 4.1, CHCI3); R f = 0.50 (EtOAc : P.E = 20 : 80); ‘H NM R 

(CDCI3) 5 2.55 (m, 2H), 3.37 (s, 3H), 3.48 (s, 3H), 3.55 (m, 1H), 3.72 (m, 2H), 3.87 (m, 

1H), 4 .32  (d, 1H, J = 11.1 Hz), 4.37 (d, 1H, J = 11.7 Hz), 4.67 (m, 3H), 4.79 (ABq, A8 = 

0.02 ppm , J = 10.5 Hz, 2H), 4.89 (d, 1H, J =  11.4 Hz), 4.99 (d, 1H, J = 10.5 Hz), 5.13 (m,
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2H), 5.81 (m, 1H), 7.32 (m, 20H); 13C NM R (CDCI3) 5 34.53, 55.80, 71.11, 72.03,

73.61, 74.75, 75.75, 76.02, 80.09, 82.65, 98.58, 117.80, 127.71 - 128.64 (several lines),

134.82, 138.20, 138.33, 138.81; Anal calcd for C39H46O7: C, 74.74; H, 7.40. found: C, 

74.35; H, 7.43.

II.4.10 Preparation of Ketone (II-9)

.OMe-
  V~-<r

OBn OMe

(II-8)

BnO,

BnO
BnO

OMe 

OBn'OMe

(H-9)

Treatment o f the hydroxyl alkene (II-8 ) (2.1 g, 3.4 m mol) according to the 

general procedure for Sw em ’s oxidation (II.4.6) afforded ketone (II-9) (2.0 g, 95%). Rf 

= 0.6 (EtOAc : P.E = 20 : 80); [a ]D -16 .8  (c = 4.1, CHCI3); 'H  NM R (CDCI3) 5 2.25 (m, 

1H), 2.40 (m, 1H), 3.33 (s, 3H), 3.40 (s, 3H), 3.80 (dd, 1H, J =  3.9, 6.3 Hz), 4.10 (m, 2H), 

4.27 (d, 1H, J = 5.7 Hz), 4.36 (m, 2H), 4.50 (m, 2H), 4.66 (m, 4H ), 4.74 (d, 1H, J = 11.1 

Hz), 4.98 (m, 2H), 5.72 (m, 1H), 7.25 (m, 20H); l3C NM R (CDCI3 ) 8 36.47, 54.42,

55.82, 71.94, 73.41, 74.32, 74.83, 77.86, 79.74, 80.76, 81.68, 105.52, 117.59, 127.52- 

128.75 (several lines), 133.93, 137.85, 138.15, 138.35, 138.94, 207.87.
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II.4.11 Preparation of Keto Aldehyde (11-10)

(II-9) (11-10)

O3 was bubbled at -78 °C, through a solution o f keto-alkene (II-9) (1.83 g, 2.94 

m mol) in a mixture of CH 2CI2 (15 m L) and M eOH (3 mL). The reaction was allowed to 

proceed until tic indicated complete disappearance o f the starting material. The reaction 

vessel then was purged with argon, and the reaction mixture warmed to rt. M ethanol (12 

m L) and PI13P (1.2 g, 4.6 mmol) were added and stirring continued under an argon 

atm osphere for one hour. Concentration o f the reaction m ixture under reduced pressure, 

followed by flash chrom atography o f the residual slurry, afforded the keto-aldehyde (II- 

10) (1.73 g, 95%). R f =  0.35 (EtOAc : P.E = 20 : 80); 'H  NM R (CDCI3) 5 2.45 (ddd, 1H, 

J =  2.1, 8.4, 14 Hz), 2.61 (dd, 1H, J =  3.6, 14 Hz), 3.38 (s, 3H), 3.43 (s, 3H), 3.82 (dd, 

1H, J = 4.5, 5.7 Hz), 4.15 (m, 2H), 4.31 (d, 1H, J = 5.7 Hz), 4.35 (d, 1H, J = 11.4 Hz), 

4.51-4.82 (m, 8H), 7.26 (m, 20H), 9.41 (d, 1H, J = 0.9 Hz); 13C NM R (CDC13) 5 45.23, 

54.91, 55.97, 72.62, 73.78, 74.38, 75.27, 77.79, 78.01, 80.04, 81.01, 105.77, 127.70- 

128.72 (several lines), 137.52, 137.70, 138.08, 138.76, 199.37, 208.07.
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II.4.12 Preparation of Tricarbonyl Derivative (II-l)

(11-10) ( I l - la )  ( I l - lb )

9M HCJ (15 mL) was added to a  solution o f the keto-aldehyde (11-10) (1.73 g, 

2.78 m m ol) in TH F (45 mL). The reaction m ixture was stirred at rt for one hour, then 

carefully neutralized by addition o f saturated aqueous NaHCC>3. The resulting m ixture 

was extracted with ether (3 x 50 mL) and the combined organic phase was washed with 

brine (50 mL). The organic layer was dried (Na2SC>4), filtered and evaporated in vacuo. 

Flash chrom atography of the semisolid residue afforded ( I I - l)  as an amorphous, white 

solid (1.66 g, 95 %). Recrystallization from  EtOAc-P.E afforded white needles (0.70 g, 

40 %). F lash column chrom atography of the mother liquor afforded a second crop o f 

crystals (0.72 g, 41 %). R f = 0.3 (EtOAc : P .E  = 30 : 70); mp: 147-148 °C; [a ]D +16.5 (c 

= 1.8, CHCI3); 'H  NM R (CDCI3) 8  1.99, 2.13, 2.39 (all m, 2H), 3.56 (m, 2H), 3.90 (m, 

2H), 4.18-4.50 (m, 4H), 4.70-5.03 (m, 4H), 5.17-5.53 (m, 2H), 7.25 (m, 20H); l3C 

NM R (CDCI3) 5 37.40, 37.75, 72.42, 74.85, 75.34, 75.42, 75.86, 75.97, 76.72, 78.13, 

78.18, 82.01, 82.15, 83.71, 93.70, 93.92, 97.33, 98.14, 103.52, 103.67, 127.65-128.68 

(several lines), 137.51, 137.58, 138.03, 138.62, 138.74; M.S (Cl) 598 [(M- H 20 )  + 

N H /] ;  Anal calcd for ( I l - lb )  CjeHsgOg: C, 72.22; H, 6.40. found: C, 71.96; H, 6.58.
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II.4.13 Preparation of Tetra-O-benzyl Castanospermine (11-11) and 

Castanospermine (1-1)

HO,BnO,■OH
BnOi BnO,

HOBnO'BnO BnO'
HOBnOBnO 'OHBnO CHO

OHOBn OBnOBn

■ = o

(II-la) (Il-lb) (11-11) (1-1)

Am m onium  formate (7 mg, 0.1 mmol) and NaCNBH3 (247 mg, 2.34 mmol) was 

added to a solution of (II-l) (47 mg, 0.078m mol) in anhydrous M eO H  (15 mL). The 

reaction m ixture was stirred for 24 h, at which time m ost o f the solvent was removed in 

vacuo. The slurry was diluted w ith saturated aqueous Na2C 0 3, and the resulting 

suspension extracted with CHC13 ( 4 x 1 0  mL). The com bined organic phase was washed 

with brine, dried (Na2SC>4), filtered evaporated in vacuo. Flash chrom atography of the 

crude residue gave (11- 11) (23 mg, 53%). R f  =  0.5 (EtOAc : toluene = 15 : 85); [c c]d  

+31.6 (c = 1.0, CHCI3) ‘H NM R (C6D 6) 8 1.73 (m, 3H), 1.91 (t, 1H, J = 10.2 Hz), 2.00 

(dd, 1H, J =  5.1, 9.6 Hz), 2.89 (m, 1H), 3.15 (dd, 1H, J = 4.8, 10.2 Hz), 3.68 (t, 1H, J =

8.7 Hz), 3.80 (m, 1H), 3.93 (m, 1H), 4.18 (t, 1H, J = 8.7 Hz), 4.20 (ABq, A8 = 0.22 ppm, 

2H, J =  11.7 Hz), 4.50 (ABq, A5 = 0.05 ppm, 2H, J = 11.7 Hz), 4 .94  (ABq, A8 = 0.25 

ppm, 2H, J =  11.7 Hz), 5.00 (ABq, A5 = 0.16 ppm, 2H, J = 11.4 Hz), 7.23 (m, 20H); 13C 

NM R (C6D6) d 31.18, 53.19, 55.31, 70.93, 72.43, 73.13, 74.87, 75.97, 78.61, 78.52,

80.22, 88.72, 127.60-128.88 (several lines), 139.46, 139.87, 140.36, 140.88; Anal. Calcd 

for C36H3904N: C, 78.66; H, 7.15; N, 2.55. Found: C, 78.45; H, 7.37; N , 2.49.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10% Pd/C (500 mg) was added to a solution o f (11-11) (120 mg, 0.22 mmol) in 

M eOH (4 mL) under an argon atmosphere. HCOOH (1 mL) was added to the 

suspension, the m ixture stirred for 2h, and then filtered through a pad o f celite. The filter 

cake was washed several times with methanol, and the filtrate was concentrated in vacuo. 

The residual syrup was dissolved in ethanol and stirred with Am berlite IRA-(OH) ion 

exchange resin (500 mg) for 30 min. The mixture was filtered through celite and the 

filtrate concentrated in vacuo to give a semisolid residue (33 mg, 80%). Recrystallization 

from ethanol afforded castanospermine (1-1) (29 mg, 70%) white prism s: mp 202-208 °C 

(dec), Lit: 212-215 °C (dec); [a ]D +70.1 (c = 0.33, H20 ) , Lit: [a ]D +79.7 (c = 0.93, H20 ); 

Rf = 0.25 (MeOH : CHC13 = 30: 70) ’H NM R, 13C N M R and tic was identical with 

natural castanospermine. ‘H  NM R (D20 )  8 1.69 (m, 1H), 2.02 (dd, 1H, J = 4.5, 9.9 Hz),

2.05 (t, 1H, J = 10.8 Hz), 2.21 (dd, 1H, J = 9.6, 17.4 Hz), 2.32 (m , 1H), 3.07 (dt, 1H, J =

2 .1 ,9 .6  Hz), 3.17 (dd, 1H, J = 5.1, 11.1 Hz), 3.30 (t, 1H, J =  9.0 Hz), 3.59 (t, 1H, J = 9.6 

Hz), 3.61 (m, 1H), 4.40 (m, 1H); 13C NM R (D20 )  8 31.73, 50.56, 54.35, 67.96, 68.59,

69.08, 70.39, 78.00.

II.4.14 Synthesis of Keto Aldehyde (11-22)

BnO.BnO.BnO,

HO
.OMe

CHO ■OH
BnO'O M e BnO'BnO1

BnO "OBnBnO ■OBnBnO ■OBn

(II-9) (II-22a) (II-22b)
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Hydrolysis o f compound (II-9) (0.165 g, 0.26 mmol) following procedure 

(II.4.12), afforded (11-22) (0.160 g, 97% ). Rf = 0.40 (EtOAc : P.E = 20 : 80); *H NMR 

(CDCI3) 5 2.68 (m, 1H), 2.77 (m, 1H), 3.51 (m, 1H), 3.72 (m, 1H), 4.01 (m, 2H), 4.20, 

4.31 (m, 1H), 4.43 (m, 1H), 4.60 (m, 3H), 4.80 (m, 3H), 4.99 -  5.46 (m, 3.5H), 5.78, 6.09 

(m, 1H), 7.34 (m, 20H), 9.82 (s, 0.5H); 13C NMR (CDCI3) 8 33.10, 33.35, 35.41, 72.12,

72.23, 72.56, 73.40, 73.96, 74.28, 74.55, 74.75, 74.91, 75.90, 78.73, 78.85, 80.38, 80.50,

80.78, 80.95, 81.58, 82.00, 82.10, 82.21, 83.21, 93.30, 95.82, 98.52, 98.80, 117.14,

117.30, 117.68, 127.52, 127.63, 127.71, 127.76, 127.97, 128.07, 128.10, 128.24, 128.29, 

128.41, 128.55, 128.59, 128.73, 128.86, 133.85, 136.25, 136.34, 136.60, 136.97, 137.13,

137.61, 138.13, 138.18, 138.30, 138.46, 138.50, 138.65,200.27, 209.10.

II.4.15 Double Reductive Amination of Keto Aldehyde (11-22)

BnO.

BnO'

■OBnBnO

BnO.

HO

OH
BnO1

BnO 'OBn

BnO.

CHO
BnO'

t )B nBnO

(II-22a) (II-22b) (11-23)

Compound (11-22) (0.139 g, 0.22 mmol) was subjected to the standard reductive 

amination procedure (II.4.13). This experim ent provided (11-23) (0.54 g, 43% ). Rf = 0.50 

(EtOAc : P .E  = 20 : 80); !H NM R (C6D 6) 5 1.20 (br, 1H, H-N), 2.38 (dd, 1H, J = 10.8,

13.5 Hz), 2.56 (m, 1H), 2.65 (d, 1H, J = 10.8 Hz), 2.75 (m, 1H), 3.54 (t, 1H, J = 9.0 Hz), 

3.59 (t, 1H, J = 9.0 Hz), 3.91 (ddd, 1H, J = 1.2, 6.0, 8.7 Hz), 4.26 (ABq, A8 = 0.34 ppm,
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2H, J =  11.4 Hz), 4.43 (ABq, A8 = 0.06 ppm , 2H, J = 11.7 Hz), 4.81 (ABq, A8 =  0.48 

ppm , 2H, J = 11.7 Hz), 4.96 (ABq, A8 = 0.25 ppm , 2H, J = 11.1 Hz), 5.10 (m, 2H), 5.82 

(m, 1H), 7.23 (m, 20H); 13C NM R (CDC13) 8 35.19, 48.11, 61.37, 71.79, 72.97, 74.99, 

75.90, 76.32, 80.50, 81.82, 87.93, 117.55, 127.79 -  128.58 (several lines), 135.18,

138.68, 138.89, 139.10.

II.4.16 Synthesis of Dienol (II-25)

BnO,

OMe

OMeBnO

BnO OBn

BnO,BnO,

OMe
CHO

OMe BnOBnO
BnO OBnBnO OBn

(II-9) (11-24) (11-25)

A D ean-stark trap was used to rem ove toluene (20 mL) from a suspension of 

CH3Ph3F*T (3.14 g, 7.7 mmol) in toluene (50 mL). The residual mixture was cooled to rt, 

and 1 M  sodium  bis(trimethylsilyl) amide (7.7 mL, 7.7 mmol) in hexane was added under 

an atm osphere o f argon. The m ixture was then stirred for one hour, then cooled to -  78 

°C. The aldehyde (II-9) (1.92 g, 3.1 mmol) in dry toluene (20 mL) was slowly introduced 

over 15 min. The reaction m ixture was warm ed to rt, diluted with ether, filtered and 

evaporated in vacuo. Flash chrom atography o f the residual syrup provided diene (11-24) 

(1.15 g, 60 %). R f = 0.65 (EtOAc : P.E = 20 : 80); *H NM R (CDC13) 8 2.42 (m, 2H), 3.25 

(s, 3H), 3.39 (s, 3H), 3.67 (t, 1H, J = 4.8 H z), 3.84 (dd, 1H, J = 4.5, 6.0 Hz), 4.04 (dd, 1H,
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J =  3.9, 7.2 Hz), 4.24 (d, 1H, J = 6.3 Hz), 4.36 (d, 1H, J =  5.4 Hz), 4.64 (ABq, A8 = 0.52 

ppm, 2H, J = 11.4 Hz), 4.66 (ABq, A8 =  0.08 ppm , 2H, J =  11.7 Hz), 4.67 (ABq, A8 = 

0.46 ppm, 2H, J = 11.7 Hz), 4.94 (ABq, AS = 0.33 ppm, 2H, J =  11.4 Hz), 5.15 (m, 2H), 

5.41 (s, 1H), 5.54 (s, 1H), 5.92 (m, 1H), 7.34 (m, 20H); 13C  N M R (CDCI3 ) 8 39.85, 

55.47, 55.65, 66.46, 70.82, 71.29, 74.09, 75.46, 78.77, 79.02, 79.99, 80.56, 105.58, 

116.14, 116.77, 127.38, 127.46, 127.56, 127.64, 127.77, 127.86, 127.99, 128.04, 128.08, 

128.20, 128.27, 128.32, 128.37, 128.51, 128.63, 135.40, 138.53, 138.75, 138.97, 139.03,

145.52.

Com pound (11-24) (1.0 g, 1.6 m m ol) was treated according to the hydrolysis 

procedure w hich was used in procedure (II.4.12). Com pound (11-25) (0.58 g, 63 %) was 

obtained. R f =  0.65 (EtOAc : P.E = 20 : 80); ]H NM R (CDC13) 8 2.42 (m, 2H), 3.89 (m, 

2H), 3.94 (m, 1H), 4.26 (d, 1H, J = 3.3 Hz), 4.45 (ABq, A8 =  0.16 ppm , 2H, J = 10.8 Hz), 

4.48 (ABq, A8 =  0.19 ppm, 2H, J =  11.7 Hz), 4.60 (ABq, A8 = 0.21 ppm, 2H, J = 11.7 

Hz), 4.70 (ABq, A8  =  0.18 ppm, 2H, J =  11.7 Hz), 5.14 (m, 2H), 5.55 (s, 1H), 5.62 (s, 

1H), 5.90 (m, 1H), 7.36 (m, 20H), 9.71 (s, 1H); 13C NM R (CDCI3) 8 39.15, 70.90, 71.45, 

73.14,74.45, 7 7 .5 4 ,7 9 .6 1 ,8 0 .8 5 ,8 1 .7 3 , 116.12, 117.12, 127.64, 127.98, 128.10, 128.34,

128.38, 128.56, 134.86, 137.43, 137.71, 137.74, 138.44, 144.21,200.07.
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II.4.17 Synthesis of Penta-O-Benzyl Diene (11-27)

CH2OBn

(11-25) (11-26) (11-27)

NaBtLj (0.11 g, 2.81 mmol) was added to the solution o f (11-25) (0.54 g, 0.94 

mmol) in EtOH (30 mL) at rt. After stirring for one hour, the reaction was quenched by 

methanolic HC1 and the pH of the solution adjusted to 7. The mixture was concentrated in 

vacuo. Flash chrom atography afforded alcohol (11-26) (0.50 g, 91.5 %). R f = 0.45 

(EtOAc : P.E = 20 : 80); *H NM R (CDC13) 6  2.18 (m, 1H), 2.39 (m, 2H), 3.51 (m, 1H), 

3.72 (m, 3H), 3.96 (t, 1H, J = 6.3 Hz), 4.14 (d, 1H, J = 1.8 Hz), 4.44 (ABq, A5 = 0.25 

ppm, 2H, J = 11.4 Hz), 4 .50 (ABq, AS = 0.25 ppm, 2H, J = 11.7 Hz), 4 .62 (ABq, AS = 

0.07 ppm, 2H, J = 11.1 Hz), 4.71 (ABq, AS = 0.06 ppm, 2H, J = 10.8 Hz), 5.09 (m, 2H), 

5.55 (s, 1H), 5.58 (s, 1H), 5.87 (m, 1H), 7.31 (m, 20H); 13C NM R (CDC13) 5 39.39, 

61.85, 70.97, 71.26, 73.00, 74.97, 77.84, 79.55, 79.64, 80.46, 115.25, 117.06, 127.23,

127.68, 127.84, 127.94, 128.16, 128.42, 128.50, 135.01, 138.01, 138.30, 138.46, 138.55, 

144.82.

The (11-26) ( 0 .4 9  g, 0 .5 8  mmol) was subjected to the general procedure for 

benzylation of alcohols (II.4 .2). This provided penta-O-benzyl diene (11-27) (0 .4 3  g, 7 6  

%). Rf = 0 .5 5  (EtOAc : P .E  = 10 : 9 0 ); ]H NM R (CDC13) 8 2 .4 0  (t, 1H, J = 6 .0  Hz), 3 .3 9
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(dd, 1H, J = 4.8, 10.8 Hz), 3.60 (dd, 1H, J =  3.6, 10.8 Hz), 3.77 (t, 1H, J = 4.8 Hz), 3.87 

(dd, 1H, J = 4.8, 6.0 Hz), 3.95 (t, 1H, J = 6.0 Hz), 4.17 (m, 1H), 4.31 (ABq, A8 = 0.28 

ppm, 2H, J = 12.0 Hz), 4.45 (ABq, A8 = 0.33 ppm, 2H, J = 11.1 Hz), 4.51 (ABq, A5 = 

0.27 ppm, 2H, J = 11.4 Hz), 4.65 (ABq, AS = 0.13 ppm, 2H, J =  11.7 Hz), 4.75 (s, 2H), 

5.08 (m, 2H), 5.54 (s, 1H), 5.55 (s, 1H), 5.89 (m, 1H), 7.32 (m, 25H); 13C N M R (CDCI3) 

5 29.95, 39.55, 70.09, 70.91, 71.17, 73.10, 73.49, 75.24, 78.68, 79.33, 79.47, 80.06, 

115.76, 116.91, 127.53, 127.62, 127.67, 127.81, 127.93, 128.04, 128.25, 128.35, 128.44,

135.18, 138.31, 138.40, 138.68, 138.72, 138.89, 145.04.

II.4 .18 Synthesis o f K eto A ldehyde (II-28)

BnO.

CH2OBn
BnO

BnO OBn

BnO.

BnO'

BnO OBn

(11-27) (11-28)

The (II-27) (0.33 g, 0.5 m m ol) was subjected to the general procedure for 

ozonolysis o f alkene (II.4.12). Keto aldehyde (11-28) (0.20 g, 61 %) was obtained. (II- 

28) R f = 0.70 (EtOAc : P.E = 30 : 70); 'H  N M R (CDC13) 5 2.46 (m, 1H), 2.79 (dd. 1H, J 

= 3.3, 17.4 Hz), 3.59 (dd, 1H, J = 5.4, 10.2 Hz), 3.76 (dd, 1H, J = 4.2, 10.8 Hz), 4 .00 (dd, 

1H, J = 5.4, 9.3 Hz), 4.21 (dd, 1H, J =  4.2, 5.4 Hz), 4.35 (d, 1H, J = 3.9 Hz), 4.42 (ABq, 

AS = 0.24 ppm, 2H, J = 11.4 Hz), 4.47 (m, 5H), 4.70 (m, 4H), 7.35 (m, 25H ), 9.48 (s,
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1H ); 13C  N M R  (C D C 1 3) 5  4 4 .9 5 , 7 0 .1 0 , 7 2 .6 1 , 7 3 .2 3 ,  7 3 .4 1 ,  7 3 .8 7 ,  7 5 .0 0 ,  7 7 .5 4 , 7 7 .8 0 , 

7 9 .7 0 , 8 1 .8 5 ,  1 2 7 .7 2 , 1 2 7 .8 2 , 1 2 7 .9 3 , 1 2 7 .9 7 , 1 2 8 .1 0 , 1 2 8 .2 0 , 1 2 8 .3 7 , 1 2 8 .4 2 , 1 2 8 .5 6 ,

1 2 8 .6 7 , 1 3 7 .0 3 , 1 3 7 .3 6 , 1 3 7 .6 9 , 1 3 8 .1 9 , 1 3 8 .3 7 , 1 9 8 .8 8 ,2 0 8 .4 2 .

II.4.19 Double Reductive Amination of Keto Aldehyde (11-28)

BnO.
=  0

BnO

BnO OBn

BnO.

HHf")— 'NH

BnO'

O B nBnO

(1 1 -2 8 ) (11-29)

The (1 1 -2 8 ) (0 .1 8  g, 0 .2 7  mmol) was treated according to the standard triple 

reductive amination conditions ( I I .4 .1 3 ) .  Tw o components, (1 1 -2 9 ) ( 0 .0 3 5  g, 2 0  % ) and 

an inseparable m ixture o f lower polarity (R f  =  0 .4 0  in EtOAc : P.E =  5 0  : 5 0 ; 0 .0 2 3  g) 

were obtained after flash chrom atography o f the cm de residue. (1 1 -2 9 ) R f  =  0 .4 5  (EtOAc : 

P.E =  5 0  : 5 0 ) ;  'H  N M R  (C 6D 6) 5  1 .08  (m, 1 H ), 1 .55  (m, 1 H ), 1 .6 2  (m, 1H ), 3 .2 7  (m, 

1H ), 3 .3 5  (m, 1H ), 3 .4 4  (m, 1 H ), 3 .5 6  (m, 1H ), 3 .6 7  (m, 1H ), 3 .7 9  (s, 2 H ), 3 .8 9  (s, 2 H ), 

4 .0 4  (s, 2 H ), 4 .1 3  (ABq, A 5 =  0 .3 0  ppm, 2 H , J =  1 2 .0  H z ) , 4 .2 7  (ABq, A 5 =  0 .1 9  ppm, 

2 H , J =  11 .7  H z ) , 4 .3 6  (ABq, A 5 =  0 .1 9  ppm , 2 H , J =  11 .7  H z ) ,  4 .4 1  (ABq, AS =  0 .1 1  

ppm, 2 H , J  =  11 .4  H z ) ,  7 .2 1  (m, 2 5 H ); 13C  N M R  (C 6D 6) 5  3 4 .4 7 , 5 9 .2 3 ,  7 1 .2 3 ,  7 2 .1 1 ,  

7 3 .2 5 ,  7 3 .8 2 ,  7 3 .8 8 ,  7 4 .0 8 , 7 5 .1 0 ,  7 6 .3 7 ,  7 7 .9 2 ,  7 9 .7 5 ,  8 0 .0 8 ,  1 2 7 .7 9 , 1 2 8 .0 6 , 1 2 8 .2 6 ,

1 2 8 .3 9 , 1 2 8 .7 1 , 1 2 8 .9 3 , 1 3 9 .3 6 , 1 3 9 .4 8 , 1 3 9 .5 8 , 1 3 9 .6 6 .
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Chapter III 

Syntheses of Analogues of Castanospermine

III.l Synthesis of Swainsonine 

Retrosynthesis

Like castanosperm ine (1-1), the indolizidine, swainsonine (1-2), has shown wide- 

ranging biological effects and has attracted considerable synthetic interest7. Following 

our TRA strategy swainsonine (1-2) m ay be related to a tricarbonyl precursor (III-l). 

Compound (III-l) could be synthesized from the C5 allylated pyranoside (III-2) which 

m ay be derived from D-m annose (III-3).

Scheme III-l.

HO
OH CHOHO

HO-----TRA_^

‘OHHOi .CHO OMPM
PGO

GPO OPG OHHOOPG

Swainsonine (1-2) (III-l) (HI-2) D-Mannose (III-3)

As for castanosperm ine, all three pathw ays are predicted to give the desired 

stereochemical result. Introduction o f the C 8a amine on the five m em bered ring iminium  

ion (III-5) is expected to proceed with reduction anti to the a-substitutent on the five 

membered ring. Also the reduction o f  the six m em bered im inium  ion (III-7) from  the top 

face is expected to be favored over bottom  face attack on (III-8). Similarly, reduction of
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the bicyclic iminium ion (II I-6) should give product (H I-9 ). It should be noted that the 

favored direction o f hydride attack is opposite to that obtained for castanospermine. W ith 

these considerations in m ind the synthesis o f  swainsonine (1-2) was undertaken.

Schem e III-2

OPG

PGO///,.

PGO

CHO

CHO

T R A

(III-4)
vTRA

PGO///,

PGO

(favored)

CHO

• H ' 
(disfavored) 

(III-5)

OPG

PGO///,

PGO

H" 
(favored)

•H ' 
(disfavored)

(III-6)

OPG

(III-9)

PGO.

(favored)

(H I-7)

stable transition state

(disfavored)

(III-8)

unstable transition state
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Synthesis

The p-methoxybenzyl furanoside (111-13) was prepared from 2,3,5,6-di-O- 

isopropylidene-D -m annofuranose (III-3 ) via application o f the procedure which was 

used for the methyl furanoside derivative46. Alkylation o f (III-10) with p-methoxybenzyl 

chloride and sodium  hydride, followed by selective hydrolysis of the 5 .6 -0- 

isopropylidene, and periodate cleavage of the resulting diol provided (111-13) in 73% 

overall yield.

Schem e III-3 .

HO-

HO-

/  \  a 
P H H O > "OH-

' ° \  - U .
’OR 75%

HO-----
CHOHO

97%
OMPMOMPM

, /  (111-10) R = H 

(* (III-ll) R = MPM
(III-l 2) (111-13)

Key: (a) acetone, H 2S 0 4, C u S 0 4; (b) p-ClCH 2C6H4OCH3, NaH, n-Bu4NI, DMF; 

(c). Concentrate HC1, M eOH; (d) N a I0 4 (aq), M eOH;
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Allylation o f  (111-13) under the conditions developed by Danishefsky (BF.3-Et2 0 , 

allyltirmethylsilane, CH 2CI2, -7 8  °C) led almost exclusively to alcohol (111-14) in 77% 

yield w ith less than 5% diastereom er (III-15)47. Benzylation o f the major product, 

followed by iodoetheriflcation (IDCP, M eOH, CH 2CI2) o f the benzyl ether (III-16), gave 

a m ixture of iodo-TH F’s (III-17). Treatment (111-17) with zinc provided a single product 

(111-18) in 76% overall yield from (111-14). Hydroboration o f  (III-18) afforded diol (HI- 

19) in 86% yield. Sw em ’s oxidation o f (III-19) led to the dicarbonyl product (111-20). 

DDQ m ediated cleavage o f  the p-methoxybenzyl acetal provided a compound for which 

the structure (III-21) is suggested by the NMR data. The *H N M R shows signals at 3.50 

ppm, 4.97 ppm and 4.66 ppm  corresponding to the OM e and acetal hydrogens. No signals 

for carbonyl carbons were observed in the 13C NM R, but resonances at 105.98 ppm, 

104.20 and 92.22 ppm, matching the three acetal carbons w ere present.
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Scheme III-4.

OMe
•OMPMOMPM

OMPM OMPM

(111-13) (111-14) 5oc(77%) (111-16) (111-17)

(111-15) 5(3(<5%)

OH
^OMe

,ov o / OMPM

OMe
■OMPMOMPM

(111-18) (111-19) (111-20)

OH

70%
BnO

OMe

(III-21)

Key: (a) BF3-Et20  (1.5eq), A llyltirmethylsilane (1.2eq), CH2C12; (b) BnBr, NaH, n-Bu4NI, 

DMF; (c) IDCP, M eOH (5eq), CH2C12; (d) Zn, 95%  EtOH, reflux; (e) 9-BBN, THF, then 

H20 2 (30%), NaOH (3N); (f) Swem  oxidation; (g) DDQ, CH2C12— H 20  (10:1);

The tricarbonyl precursor (111-21) was treated under the standard TRA conditions 

to give (III-22) in 55%  yield. Debenzylation o f (III-22) with Pd/C, followed by
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hydrolysis w ith 6M  HC1 gave swainsonine (2) in 80% yield. The 'H  and 13C NM R o f 

synthetic swainsonine were identical with natural product48. The overall yield from D- 

m annose (III-3 ) was 8.7% over 14 steps.

Schem e III-5 .

BnO

55%
BnO

OMe

(111-21) (111-22) (111-23) (1-2)

Key: (a) 1.3(eq) NH .HCO,, 30 (eq) NaCNBHj, MeOH; (b) Pd/C, HCOOH, H: 

M eOH; (c) HC1 (6N), THF;

S yn thesis o f Sw ainsonine (1-2)

S chem e I I I -6.

OHHO OH HO
CHO

4  Steps 7 Stegs

0  BnO OMPM

H O -----
HO,

•OH OMe73% 27% 44%
n

14 steps
8.7 %
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III .2  Synthesis of Unnatural Analogues

In order to test the scope of the methodology, as well as to get a clearer

mechanistic picture o f the TRA, the synthesis o f  1-epi-, 1-deoxy- and 1,8-diepi- 

castanospermine (1-3), (1-4) and (1-5), was attempted. These analogues are also of 

interest in connection with structure -  activity studies.

Retrosynthesis

The required tricarbonyl precursors (111-24), (111-25) and (III-27) could be 

prepared from m ethyl a -D - gluco- or galacto- pyranoside (i.e. (1-39) or (111-29)).

Scheme III-7 .

OH

HOBnOHO BnO HOCHOBnOHO BnO OHOBnOH OBn OMeOMe

(1-3) X = O H , 8oc-OH (III-24) Y =O Bn (II-6) (1-37) 4 a

(1-4) X = H, 8a -O H  (III-25) Y = H (111-26) (1-37) 4 a

(1-5) X = O H , 8P -O H  (111-27) Y =O Bn (111-28) (III-29) 40

As m ention earlier reduction o f five m em bered ring iminium  ions of type (III-30) 

with X = OBn is expected to provide (III-31) as the m ajor product. By comparison, 

reduction of deoxy derivative (X = H) is not expected to be stereoselective. Therefore, if  

reduction o f the five membered ring iminium ions is a m ajor pathw ay in the TRA, the 

reactions of the tricarbonyl precursors (III-24), (III-25) and (III-27)), would be expected
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to give at best a mixture o f  8a  epimers. However, if  the m ajor pathw ay involved a six 

m em bered ring iminium ion, or 5, 6 fused im inium  ion, a favored product from a  face 

reduction o f the im inium  ion (111-34) or (111-35) would be expected. W ith these 

considerations in mind the cyclizations o f (111-24), (III-25) and (H I-27) were examined.

Schem e III -8 .

H 'favored  
if X=OBn

H' disfavored, 
if X=OBn

+

OBn

X = O B n o r H
(III-30) 1?  (HI-32)
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Scheme III-9.

BnO H ' disfavored

BnO

OBn

H favored
(111-34)

TRA

X = OBn or H

(III-24)
(111-25)
(111-27)

BnO

=  NH

H'
•’ disfavored

BnO OBn 
H'favored 

(III-35)

B n O ^ A ^ t  H
B n O ^ J - - ^ \

OBn

(III-36)

BnO

BnO OBn

(III-37)

Synthesis of Tricarbonyl Precursors (111-24), (111-25) and (111-27)

1 -Epi-castanospermine

The tricarbonyl precursor for 1-epi castanosperm ine (III-24) was prepared from the 

m inor allylation product (II-6), from  the castanosperm ine synthesis (Scheme II-2). The 

conversion o f (II-6) to (111-24) followed the corresponding procedures in the earlier 

work. (Scheme III-10)
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Scheme 111-10.

HQ

BnO 92%
BnO

OBn
OMe

BnQ
BnO/y

BnO
BnO

OBn
OMe

(II-6) (111-38) (111-39)

BnQf,BnO//,,.

OMe 95%  BnO
OH76% BnO

OMeBnO BnO BnO

(III-40) (III-41) (111-42)

■ = o OH
BnQ

BnOBnO CHO BnO OHOBn OBn

(III-24a) (III-24b)

Key: (a) BnBr, NaH, n-Bu4NI, DM F; (b) IDCP, CH2Cl2-MeOH; (c) Zn, 95% 

EtOH, reflux; (d) Sw em  oxidation; (e) O3 , C H 2C12, -78°C then Ph?P; (f) THF— 9M  HC1; 

(g) 1.3(eq) NH4H C 0 2, 30(eq) NaCNBH3,
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1 -Deoxy-castanospermine.

The known D-glucose derivative (111-26) was prepared in five steps from  methyl 

a-D -gluco pyranoside (111-26). The key step was Keck allylation o f  the 6 -iodo glucose 

derivative.49 Com pound (111-26) was transformed to the THF-dim ethyl acetal (111-44) 

using IDCP and methanol as the nucleophile, with dichloromethane as solvent. The iodo 

TH F (111-44) was converted to the tricarbonyl precursor (111-25) through the standard 

protocol o f reductive elimination, alcohol oxidation, ozonolysis and acetal hydrolysis. As 

before 'H-N M R spectrum o f the product (111-25) showed acetal proton signals at 5 5.6 

ppm. The absence o f any aldehyde proton signal at 8 9.8 ppm suggested that the 

predom inant tautom er was the acetal (III-25b).
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Scheme III-ll.

,OH

a,b c,d,e
HO AcO BnO75% 4 0%HO AcO BnOOAc OBnOH, OMeOMe OMe

(1-37) (HI-43) (111-26)

82% 94%
OMe 88%  BnO

OH BnOBnO OMeOMe
BnOBnO BnO

OBn OMe

(III-44) 011-45) (III-46)

OHCHOCHO

OMe 91%  Bn°95%  BnO BnO
BnO CHOBnO OHBnO

OBn OBnOBn OMe

(III-47) (III-25a) (III-25b)

Key: a). I2, Ph3P, imidazole, toluene, CH3CN; b). (CH3CO)2, EtOAc,

dim ethylam inopyridine; c). Allyl tributyl tin, AIBN, benzene; d). M eONa, M eOH; e). 

NaH, D M F, BnBr, Bu4NI; 0- IDCP, M eOH, C H 2C12; g). Zn (active), HC1, EtOH (95%); 

h). (C O C l)2, DM SO, Et3N, CH2C12; i). 0 3, CH2C12; j). HC1 (9N), THF, H 20 ;
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1,8-Diepi-castanospermine

A sim ilar procedure to that used for the castanospermine precursor was used. The 

known D -galactose derivative (III-49)50 was prepared in four steps from  methyl a-D - 

galactopyranoside (111-29). Allylation using tin pow der and allyl brom ide in CH3CN- 

H2O (10:1) as before, however gave the 6R-epim er (III-28) as the m ajor product (80 % 

yield o f (111-50) and (III-28), 1:12). The stereochem istry of these products was 

tentatively assigned by NM R comparison with related m aterials.40 Conversion of (111-50) 

to the carbonyl precursor was carried out as before. The product (111-27) did not show 

any aldehyde and ketone signals in the 'H -N M R  and 13C-NM R. The NM R data was 

consistent with the acetal structure (III-27b). This behavior is sim ilar to the previously 

prepared keto-dialdehydes.
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Scheme 111-12.

OH ^ OH

iX q
,OH

a,b,c 
 ►

O B n ^ w' ‘

H O ^ Z 'T 'A  60%

o J  OBnlOMe OMe

OHC

BnO

80%BnO
OBn

OMe

(111-29) (111-48) (111-49)

HQ
BnO

BnO
OBn

OMe

HO,

BnO+

BnO
OBn

OMe

BnO.

88%

12

(III-28) (III-50) (III-51)

(III-52) (III-53) (III-27a) (III-27b)

Key: (a) TEA, Ph3CCl, DM AP, DMF; (b) BnBr, NaH, Bu4NI, THF; (c) HOAc, H .O ; (d) 

Sw em ’s oxidation; (e) Sn powder, allyl bromide, CH3CN-H2O (10:l) ; (f) BnBr, NaH, n- 

Bu4NI, DMF; (g) IDCP, M eOH (5eq), CH 2C12; (h) Zn, 95% EtOH, reflux; (I) Sw em ’s 

oxidation; (j) 0 3, CH 2C12, -78 °C then Ph3P; (k) THF, 9M  HC1;
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Triple Reductive Animations

Application o f  the standard TRA conditions (dry m ethanol, rt, 1.5 eq H C 0 2NH4, 

30 eq NaCNBH i, 48 h) to tricarbonyl derivatives (111-24), (111-25) and (111-27) provided 

the indolizidine products (111-54), (III-55) and (111-56) in 48, 40 and 34 % yield 

respectively.

Scheme 111-13.

OH
BnQ,

BnO BnO48%BnOBnO CHO BnOBnO OHOBn OBnOBn

- = o

(III-24a) (III-24b) (111-54)

OHCHO

BnO40%BnO BnO BnOBnO CHO OHBnO OBnOBn OBn

(III-25a) (III-25b) (III-55)

BnO,,
BnO

CHO
OH

BnO
BnO 34%CHO BnO BnOOH

OBn OBn OBn

(III-27a) (III-27b) (111-56)
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In ail cases only a single C 8a epimer was detected. The structures o f  the products 

were assigned from ID  and 2D ‘H  NM R and 13C NM R analysis. That the configuration at 

C8a was identical to that in castanosperm ine suggests that the initial formation of the 

pyrrolidine ring (i.e. Scheme III-8) is not a m ajor reaction pathway. Thus it appears that 

the stereochemistry o f the piperidine ring, either by way o f the m ono or the bicyclic 

im inium  ions (i.e. Scheme III-9) controls the stereoselectivity o f the TRA.
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III.3 Summary 

Table III-l.

Starting Material Tricarbonyl precursor Product o f TRA (% )

OH

°
/fe,

2 — {  'OMe
HO "OH

/-----^vOH
B n O ^ » / ^ O

BnO"",\  V ^ O H  

BnO ^ B n

BnS  H OBn

y x >  -BnON
(H - ll )

HO------

HO------

/ ° \  
f  V 'O H
\ 0HH7

f — v^OM e

0 " " V %
B n O ^ /  V ^ O H

BnO n  L35 S -

(111-22)

OH

HO""'” \  A >
i /  T)Me

HO "OH

/-----*MDH
B nO lln./ 'q

y ^ °
B n O l'" '\ V ^ O H  

BnO *bBn

Bn°  H -2Bn

XX> 4S9°
BnO^

(III-54)

OH

°
HO''"' \  A\ — {_ 'OMe

HO OH

)----^vOH

/  °  
BnOU",\  > - O H

BnO ^)Bn

BnO.
^  H

XX> 40%
BnO'

(III-55)

Co
H O ^ \  A

\ — £ c)Me
HO OH

)— y v O H  
BnOin,../ ^

B n O f c - / ^  W ,  

BnO ^OBn

Bn2  H .OBn

T T \  34%
B n C ^ '^ ^

(III-56)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



68

Table III-2. ]H NMR (ppm) of Polyhydroxyindolizidines

QBn OBn

(IM 1)

Bn2 H S-V"

CP-
(111-22)

SBn _QBn7X&B n&

(111-54)

§ BnHyx>BnO'
(111-55)

£B n

BnO
(III-56)

H I
3.93 4 .52 3.84 1.23 4 .20

1.94

H 2
1.73 4 .18 1.70 1.23 1.57

1.73 1.88 1.41 2.20

H 3
1.73 1.63 2.33 1.94 1.99

2.89 2 .97 2.62 2.79 2 .79

H 5
1.91 1.37 2.10 1.94 1.99

3.15 2.61 3.06 3.14 3.19

H 6
3.80 1.09 3.75 3.81 4 .2 0

1.33

H 7
3.68 1.07 3.64 3.64 3.38

1.97

H 8 4 .18 3 .72 3.46 3.37 4 .02

H 8a 2.00 1.48 2.42 1.94 2 .20
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III.4 Experimental

III.4.1 Synthesis of 4-Methoxybenzyl 2,3-O-Isopropylidene-a-D-mannofuranoside 

(III-12)

HO-

HO-

,O H H C ^'OH

,o----

o —

'OR

HO

HO

OMPM

(
(111-10) R = H 

(II I- ll)  R = MPM

(111-12)

A m ixture of D-mannose (III-3) (33.0 g, 183 mmol), anhydrous cupric sulfate 

(60.0 g), concentrated sulfuric acid (1.2 mL) and dry acetone (600 mL) was stirred at rt 

for 23 h. The pH of the reaction m ixture was adjusted to 8 by addition o f solid NaHCO.v 

The suspension was filtered and filtrate was concentrated in vacuo to give crude (III- 

IO)46 (44.7 g). R f = 0.50 (EtOAc : P.E = 20 : 80); ‘H NM R (CDC13) 5 1.33 (s, 3H), 1.38 

(s, 3H), 1.46 (s, 3H), 1.47 (s, 3H), 2.77 (br, 1H), 4.07 (m, 2H), 4.19 (dd, 1H, J = 3.6, 6.9 

Hz), 4.41 (dd, 1H, J = 6.9, 11.1 Hz), 4.62 (d, 1H, J = 6.0 Hz), 4.81 (dd, 1H, J = 3.6, 8.7 

Hz), 5.38 (br, 1H); 13C NM R (CDCI3) 6 24.79, 25.49, 26.16, 27.15, 66.84, 73.48, 77.05, 

79.88, 80.61, 85.71, 101.52, 112.84.

A portion of the crude m aterial from  previous step (10.0 g) was subjected to the 

general benzylation procedure, using 4-m ethoxybenzyl chloride instead o f benzyl 

bromide. The crude 4-methoxybenzyl furanoside (III-ll) (14.0 g) was obtained. Rf =  

0.30 (E tO A c : P.E = 10 : 90); 'H  NM R (CDC13) 5 1.31 (s, 3H), 1.39 (s, 3H), 1.46 (s, 6H), 

3.78 (s, 3H), 4.00 (m, 2H), 4.12 (dd, 1H, J =  8.7, 6.6 Hz), 4.43 (m, 1H), 4.50 (ABq, A8 =
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0.17 ppm, 2H, J = 11.7 Hz), 4.63 (d, 1H, J = 6.0 Hz), 4.78 (dd, 1H, J =  3.6, 6.0 Hz), 5.05 

(s, 1H), 6.88 (d, 2H, J = 8.7 Hz), 7.25 (d, 2H, J = 8.7 Hz); 13C  NM R (CDC13) 8 24.56, 

25.30, 25.93, 26.93, 55.26, 66.99, 68.76, 73.20, 79.64, 80.45, 85.18, 105.36, 109.21, 

112.56, 113.83, 113.95, 129.39, 129.75, 159.45; Anal calcd for (III-ll) C20H28O7: C, 

63.14; H, 7.42. found: C, 63.55; H, 7.61.

W ater was added to a mixture o f concentrated HC1 (2.0 mL), m ethanol (160 mL) 

and crude (III-ll) until the solution became turbid. The reaction m ixture was stirred for 3 

h, at which time the pH was adjusted to neutral by adding concentrated aqueous 

ammonia. M ost of methanol was removed in vacuo, and the aqueous residue extracted 

with ether (3 x). The organic extract was dried (Na2SC>4), filtered and evaporated in 

vacuo. The crude residue was purified by flash chrom atography to yield (III-12) (10.5 g, 

75 %, after three steps). R f = 0.30 (EtOAc : P .E  = 50 : 50); *H NM R (CDCI3) 8 1.31 (s, 

3H), 1.47 (s, 3H), 2.42 (br, 2H), 3.70 (dd, 1H, J = 5.4, 11.4 Hz), 3.80 (s, 3H), 3.85 (m, 

1H), 4.00 (m, 2H), 4.49 (ABq, AS = 0.15 ppm, 2H, J = 11.4 Hz), 4.63 (d, 1H, J = 6.0 Hz), 

4.84 (dd, 1H, J =  3.6, 6.0 Hz), 5.09 (s, 1H), 6.87 (d, 2H, 8.7 Hz), 7.24 (d, 2H, 8.7 Hz); 

l3C NM R (CDCI3) 8 24.80, 26.10, 55.45, 64.66, 68.94, 70.50, 79.46, 80.30, 85.03,

105.31, 112.81, 114.07, 129.52, 129.90, 159.56.

III.4.2 Synthesis of 2,3-O-Isopropylidene Aldehyde (111-13)

HO-----

HO-----

OMPM

CHO

OMPM

(111-12) (111-13)
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A  solution o f NaI04  (3 .7  g, 17 .5  m m ol) in a minimum amount o f water was added 

to a solution o f diol (111-12) (4 .9 5  g, 14 .5  mmol) in methanol ( 1 0 0  mL). The reaction 

mixture was stirred at rt for one hour, at which time most o f methanol was evaporated 

under reduced pressure. Saturated NaS^O.^ solution (5 0  mL) was poured into the residual 

solution and the aqueous m ixture extracted with ether (3  x). The com bined organic phase 

was washed with brine, dried (N a iS 0 4), filtered and evaporated in vacuo. Flash 

chrom atography of the residue gave (III-13) (4 .3 5  g, 9 7  % ). R f =  0 .5 0  (EtOAc : P.E = 5 0  

: 5 0 ) ; 'H  NM R (C D C 13) 6 1 .27  (s, 3 H ),  1 .4 2  (s, 3 H ), 3 .7 9  (s, 3 H ), 4 .4 4  (m, 1 H ), 4 .6 3  (m , 

3 H ), 4 .9 0  (m, 1H ), 5 .1 0  (m, 1H ), 6.88 (m, 2 H ), 7 .2 6  (m, 2 H ), 9 .6 7  (s, 1H ); 13C  NMR 

(C D C I3) 5  2 4 .6 1 , 2 5 .9 0 ,  5 5 .3 2 , 6 8 .9 6 , 8 0 .9 9 ,  8 4 .4 5 , 1 0 5 .7 0 , 1 1 3 .9 8 , 1 2 8 .9 2 , 1 2 9 .8 1 , 

1 2 9 .8 7 , 1 5 9 .5 8 , 197 .8 1 .

III.4 .3  S ynthesis of 2 ,3 -O -Isopropy lidene A lcohol (III-14)

HQ

+

OMPM

HQ,
CHO

OMPM
OMPM

(111-13) (111-14) (111-15)

Boron trifluoride etherate (4.9 mL, 39.4 mmol) was added to a solution o f aldehyde 

(111-13) (8.1 g, 26.2 mmol) in dry CH iC L (300 mL) at -78°C . The solution was stirred at 

-78°C  for 20 min at which time allyltirm ethylsilane (5.0 mL, 31.4 mmol) was added, and 

the reaction stirred for 2 h at -78°C . The solution was poured into the saturated aqueous 

NaH COj (300mL) and the mixture extracted with ether (3 x 200 mL). The combined
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organic layer was washed with brine (200 mL), dried (Na2SC>4), filtered and evaporated 

in vacuo. Flash chrom atography afforded a m ajor and m inor products, (III-14) and (H I- 

15) respectively.

For (III-14) (7.2 g, 76.7%). R f = 0.50 (EtOAc : P.E = 20 : 80); [a ]D +66.9 (c = 0.75, 

CHC13); 'H  NM R (CDCI3) 5 1.34 (s, 3H), 1.50 (s, 3H), 2.36 (m, 1H), 2.59 (m, 1H), 3.83 

(s, 3H), 3.88 (dd, 1H, J = 3.90, 3.75 Hz), 4.03 (m, 1H), 4.53 (ABq, A8 = 0.13 ppm, J =

11.4 Hz, 2H), 4.65 (d, 1H, J = 6.0 Hz), 4.87 (dd, 1H, J = 6.0, 3.75 Hz) 5.12 (s, 1H), 5.20 

(m, 2H), 5.98 (m, 1H), 6.91 (d, 2H), 7.27 (d, 2H); 13C N M R (CDCI3) 8 24.76, 26.09, 

39.11, 55.40, 68.75, 69.43, 80.22, 81.54, 85.15, 105.15, 112.71, 114.06, 117.87, 129.58, 

129.84, 134.58, 159.56; Anal calcd for (III-14) C i9H2606: C, 65.13; H, 7.48. found: C, 

65.06; H, 7.48.

For (III-15) (0.3 g) less than 5%; Rf = 0.55 (EtOAc : P.E = 20:80); *H NM R (CDCI3) 8 

1.29 (s, 3H), 1.46 (s, 3H), 2.43 (m, 2H), 3.13 (broad, 1H), 3.78 (s, 3H), 3.89 (dd, 1H, J =

5.1, 3.6 Hz), 4.10 (m, 1H),4.51 (ABq, A8 = 0.15 ppm, J =  11.4 Hz, 2H ),4 .63 (d, 1H, J =

5.7 Hz), 4.73 (dd, 1H, J = 5.7, 3.6 Hz) 5.13 (s, 1H), 5.14 (m, 2H), 5.91 (m, 1H), 6.87 (d, 

2H, J =  8.7 Hz), 7.27 (d, 2H, J = 8.7 Hz); 13C NM R (CDCI3) 8 24.46, 25.92, 37.87, 55.23,

68.67, 69.53, 80.46, 81.07, 85.52, 104.71, 112.62, 113.90, 117.50, 129.34, 129.78,

134.52, 159.40.
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III.4.4 Synthesis of 5-0-BenzyI-2,3-0-Isopropylidene Alkene (111-16)

HQ BnQ

o

rOMPM 

(III-14)

»---- »n'OMPM 

(111-16)

The alcohol (III-14) (1.4 g, 4.3 mmol) was benzylated according to the general 

procedure (II.4.2), using NaH (0.52 g, 60% suspension in oil, 12.8 mmol), BnBr (1.02 

mL, 8.6 mmol) and BU4NI (0.158 g, 0.43 m mol). Com pound (111-16) (1.7 g, 96.6% ) was 

obtained. R f = 0.60 (EtOAc : P.E = 10 : 90); [oc]D +34.3 (c = 0.019 g/mL, CHCI3); 'H  

NM R (CDCI3) 8 1.32 (s, 3H), 1.45 (s, 3H), 2.39 (m, 1H), 2.61 (m, 1H), 3.79 (s, 3H), 3.90 

(m, 2H), 4.47 (ABq, A5 = 0.17 ppm, J = 11.1 Hz, 2H), 4.59 (d, 1H, J = 6.0 Hz), 4.65 (s, 

2H), 4.81 (dd, 1H, J = 3.3, 6.0 Hz), 5.03 (s, 1H), 5.16 (m, 2H), 5.98 (m, 1H), 6.86 (d, 2H, 

J = 8.4 Hz), 7.23 (d, 2H, J =  8.4 Hz), 7.35 (m, 5H); 13C NM R (CDCI3) 8 25.16, 26.377, 

36.43, 55.48, 68.61, 72.70, 76.00, 80.04, 80.60, 85.22, 105.23, 112.38, 114.09, 127.72,

128.19, 128.43, 129.66, 129.98, 134.76, 139.01; HRM S (FAB) calcd for C26H 320 6: 

439.2120. found: M .W : 439.2119.
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III.4.5 Synthesis of Hydroxy Alkene (III-18)

BnO, BnQ

OMPM

BnOx

OMe
OMPM

,OH .OMe

'OMPM

.OH C

(III-16) (III-17) (111-18)

IDCP (14.9 g, 31.7 mmol) was added to a solution o f alkene (111-16) (9.3 g, 21.1 

mmol) in a m ixture o f CH2CI2 (250 mL) and M eOH (3.16 mL, 105.5 mmol) under argon. 

The reaction m ixture was stirred at rt for lh , then poured into 10% aqueous N a2S2C>3, and 

extracted w ith ether (3 x 150 mL). The organic phase was washed with brine (150 mL), 

dried (N a2S0 4 ), filtered, and concentrated in vacuo, to provided crude (III-17). A sample 

o f  this m aterial was purified by flash chrom atography for characterization purpose. Rf = 

0 .60 (EtOAc : P.E = 20 : 80); 'H  NM R (CDCI3) 8 1.35 (s, 3H), 1.46 (s, 1.5H), 1.49 (s,

1.5H), 1.79 (m, 0.5H), 2.01 (m, 0.5H), 2.22 (m, 0.5H), 2.31 (m, 0.5H), 3.23 (m, 2H), 3.65 

(s, 3H), 3.74 (s, 3H), 4.17 (m, 2H), 4.31 (m, 3H), 4.47 (s, 2H), 4.63 (m, 1H), 4.76 (m, 

1H), 5.11 (m , 1H), 6.80 (m, 2H), 7.29 (m, 7H); 13C NM R (CDC13) 8 24.59, 25.22, 26.82,

27.00, 37.25, 38.66, 52.96, 53.28, 55.30, 69.16, 69.52, 71.10, 71.54, 76.32, 76.72, 79.40,

80.01, 82.26, 82.64, 82.85, 83.10, 101.04, 101.39, 108.65, 109.01, 113.82, 113.96,

127.39, 127.66, 128.45, 130.19, 130.24, 138.27, 157.43, 159.49.

The resultant syrup (III-17) was dissolved in 95% ethanol (150 mL) and stirred 

w ith freshly activated powdered zinc (12 g) at reflux for 1 h. The suspension was then 

diluted with ether and filtered through a short colum n of florisil. Concentration of the 

filtrate in vacuo  followed by flash chrom atography o f the residual, dark brown oil
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afforded hydroxy alkene (111-18) (7.8 g, 78.2 %). R f = 0.50 (EtOAc : P.E = 20 : 80); [a ]D 

- 4 1 .3  (c =  2.7, CHCI3); 'H  NM R (CDCI3) 8 1.32 (s, 3H), 1.49 (s, 3H), 2.33 (d, 1H, J =

II.7H z, from OH), 2.34 (m, 1H), 2.56 (m, 1H), 3.42 (s, 3H), 3.70 (s, 3H), 3.77 (t, 1H, J =

9.0 Hz), 4.25 (t, 1H, J = 7.2 Hz), 4.47 (d, 1H, J = 7.2 H z), 4.51 (t, 2H, J = 11.4 Hz), 4.60 

(t, 2H, J = 11.1 Hz), 4.94 (d, 1H, J = 7.2 Hz), 5.08 (m, 2H), 5.88 (m, 1H), 6.79 (d, 2H, J =

8.7 Hz), 7.22 (d, 2H, J = 8.7 Hz), 7.27 (m, 5H); 13C NM R (CDCI3) 5 24.46, 26.78, 34.87,

53.39, 55.21, 69.26, 71.96, 74.81, 75.99, 79.22, 101.08, 108.26, 113.88, 117.28, 127.54, 

127.72, 128.30, 129.83 (several lines), 134.70, 138.55, 159.42; Anal calcd for (III-18) 

C27H36O 7: C, 68.62; H, 7.68. found: C, 68.14; H, 7.87.

III.4.6 Synthesis of Diol (IIM9)

OH
' - OMe  
p X 0/  OMPM

OMe
■OMPM

(111-18) (111-19)

0.5 M 9-BBN (73.8 mL of a solution in THF, 36.9 mmol) was added at 0 °C, to a 

solution of (111-18) (5.8g, 12.3mmol) in dry TH F (250mL). A fter 1 h, the reaction was 

warmed to rt and stirred 18 h at this temperature. The reaction was then cooled to 0 °C, 

and a mixture of 30% H 2O2 (55 mL) and 30% NaOH (55 mL) was added. The solution 

was extracted with ether (3 x 200 mL). The com bined organic layer was washed with 

brine (200 m L), dried (Na2SC>4), filtered and evaporated in vacuo. Flash chrom atography
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of the crude compound gave diol (111-19) (5.2g, 86.4%). Rf = 0.30 (EtOAc : P .E  = 50 : 

50); 'H  NM R (CDC13) 8 1.32 (s, 3H), 1.50 (s, 3H), 1.60 (m, 3H), 1.80 (m, 1H), 2.69 (d, 

1H, J = 8.7 Hz), 2.90 (br, 1H), 3.42 (s, 3H), 3.55 (m, 2H), 3.68 (s, 3H), 3.78 (t, 1H, J =

8 .1 Hz), 4.27 (t, 1H, J = 7.5 Hz), 4.48 (ABq, 2H, A5 = 0.08 ppm, J = 11.7 Hz), 4.53 

(ABq, 2H, A8 =  0.22 ppm, J =  10.8 Hz), 4.97 (d, 1H, J = 7.2 Hz), 6.80 (d, 2H, J =  8.7 

Hz), 7.26 (m, 7H); l3C NM R (CDC13) 8  24.32, 26.43, 26.53, 27.26, 53.17, 54.99, 62.51,

69.09 ,71 .73 ,74 .86 , 75.82, 79.19, 100.93, 113.75, 127.35, 127.51, 128.12, 129.39,

129.61, 138.37.

III.4.7 Synthesis of Keto Aldehyde (111-20)

OH
' \  . ^.OMe 
0 * 0 /  OMPM

OMe

'OMPM

(111-19) (111-20)

The standard Sw em ’s oxidation procedure was applied to diol (111-19) (2.3 g, 4.7 

mmol), using DM SO (2.0 mL, 28.2 m mol), oxalyl chloride (2.1 mL, 23.5 mmol) and 

Et3N (6.8 mL, 47 mmol). Keto-aldehyde (III-20) (1.9g, 84%) was obtained as a brown 

oil. R f = 0.75 (EtOAc : P.E =  50:50); [<x]D -17 .2  (c = 7.1, CHC13); ‘H N M R (CDClj) 8 

1.32 (s, 3H), 1.54 (s, 3H), 1.76 (m, 1H), 1.96 (m, 1H), 2.32 (m, 2H), 3.37 (s, 3H), 3.71 (s, 

3H), 3.92 (dd, 1H, J = 8.1, 3.9 Hz), 4.28 (dd, 2H, J = 11.4, 14.1 Hz), 4.42 (t, 1H, J = 6.6 

Hz), 4.52 (t, 2H, J = 13.8 Hz), 4.63 (d, 1H, J = 6.0 Hz), 4.79 (d, 1H, J =  6.6 Hz), 6.78 (d,
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2H, J =  8.4 Hz), 7.17 (d, 2H, J = 8.4 Hz), 7.24 - 7.26 (m, 7H), 8.50; 13C NM R (CDC13) 8

23.12, 25.37, 26.98, 39.65, 54.23, 55.19, 68.65, 72.53, 76.68, 78.13, 81.87, 100.47,

110.63, 113.75, 127.93 -129.69 (several lines), 137.43, 159.34, 201.35, 205.08; HRMS 

(FAB) calcd fo r C27H34 0 8: 485.2175. found: 485.2176.

III.4.8 Synthesis of Tricarbonyl Precursor (II1-21)

OMe
'OMPM

DDQ (0.39 g, 1.73 mmol) was added at 0°C, to the solution o f (III-20) (0.56 g,

1.15 mmol) in C H 2CI2 (20 mL) and H 20  (0.9 m L). After 20 min, the reaction mixture 

warmed to  rt, additional water (1.0 mL) was added, stirred, continued for 1.5 h. The 

reaction was quenched by adding saturated N aH C 0 3 (20 mL), and the mixture extracted 

with CH2CI2 (3 x 25 mL). The combined organic phase was washed with brine (25mL), 

dried (NaSO.*), filtered and evaporated in vacuo. Flash chrom atography o f the residue 

gave recovered starting material (0.13g, 0.27m m ol) and compound (111-21) (0.2 lg , 

70.4% ). R f = 0.3 (EtOAc : P.E = 50 : 50); [a ]D - 68.8 (c =  3.5, CHC13); 'H  NM R (CDC13) 

6 1.30 (s, 3H), 1.30 (m, 1H), 1.43 (s, 3H), 1.46 (m, 1H), 1.78 (broad, 2H), 3.50 (s, 3H),

3.54 (s, 1H), 3.75 (d, 1H, J = 10.8 Hz), 4.50 (m, 3H), 4.67 (m, 1H), 4.97 (d, 1H, J = 3.6 

Hz), 7.21-7.34 (m, 5H); 13C NM R (CDC13) 8  22.72, 25.41, 26.13, 28.06, 58.52, 70.84,

71.94, 78.41, 83 .03 ,92 .23 , 104.20, 105.97, 113.06, 127.73, 128.24, 128.42, 138.40.
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III.4.9 Synthesis of (IS, 2R, 8R, 8aR)-8-0-BenzyI 1,2-O-Isopropyiidene Indolizidine

Ammonium formate (29 mg, 0.41m mol) and NaCNBH3 (680 mg, 6.4 mmol) was 

added to a solution o f (III-21) (120 mg, 0.32mmol) in anhydrous M eOH (15 mL). The 

reaction mixture was stirred for 24 h, at which time most o f the solvent was removed in 

vacuo. The slurry was diluted with saturated aqueous N a2CC>3, and the resulting 

suspension extracted with CHCI3 ( 4 x 1 0  mL). The combined organic phase was washed 

with brine, dried (Na2S0 4), filtered and evaporated in vacuo. Flash chrom atography of 

the crude residue gave (III-22) (55m g, 55.4%). Rf = 0.50 (EtOAc : P.E = 50 : 50); [a]o  -

67.3 (c = 3.1, CHCI3); ‘H NM R (C6D6) 5 1.07 (m, 1H), 1.09 (m, 1H), 1.21 (s, 3H), 1.33 

(m, 1H), 1.37 (m, 1H), 1.48 (m, 1H), 1.51 (s, 3H), 1.64 (dd, 1H, J = 10.2, 4.5 Hz), 1.97 

(m, 1H), 2.61 (m, 1H), 2.97 (d, 1H, J = 10.2 Hz), 3.72 (m, 1H), 4.18 (dd, 1H, J = 6.0, 4.8 

Hz), 4.52 (dd, 1H, J = 6.0, 4.2 Hz), 4.61 (ABq, AS = 0.01 ppm, J =  10.8 Hz, 2H), 7.05-

7.38 (m, 5H); 13C NM R (C6D 6) 8 24.73, 26.10, 27.03, 31.41, 52.07, 61.24, 71.81, 73.12, 

74.89, 78.86, 80.52, 11.63, 127.78-128.72 (several lines), 140.65.

(111-22)

(IH-21) (111-22)
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III.4.10 Synthesis of Swainsonine ((lR,2R,8R,8aR) 1,2,8 Trihydroxy Indolizidine) (I- 

2)

10% Pd/C (500 mg) was added to a solution o f (III-22) (86 mg, 0.22 m m ol) in 

M eOH (4 m L) under an argon atmosphere. HCOO H (1.0 mL) was added to the 

suspension, the m ixture stirred for 2h, then filtered through a pad o f celite. The filter 

cake was w ashed several times with methanol, then concentrated in vacuo to provided 

crude (III-23). R f = 0.30 (EtOAc : P.E = 50 : 50); 'H  NM R (CHCI3) 5 1.31 (s, 3H), 1.42 

(m, 2H), 1.53 (s, 3H), 1.81 (br, 2H), 2.10 (m, 1H), 2.38 (m, 2H), 2.61 (m, 1H), 3.30 (m, 

1H), 3.45 (m, 1H), 4.06 (br, 1H), 4.73 (br, 1H), 4.81 (br, 1H); l3C NM R (CHCI3) 5

22.00, 24.11, 25.53, 31.80, 51.56, 59.27, 65.81, 72.38, 78.60, 97.57, 112.09.

The crude sample o f (111-23) was stirred in a solution of 6N HC1 (1 mL) and TH F 

(3 mL) for 2 h, The volatile was then evaporated in vacuo, and the residual syrup was 

dissolved in ethanol and stirred with Amberlite IRA-(OH) ion exchange resin (500 mg) 

for 30 min. The m ixture was filtered through celite and the filtrate concentrated in vacuo 

to give a sem isolid residue (1-2) (39 mg, 80%). Rf =  0.30 (EtOAc : CH3OH = 70 : 30);

(111-22) (111-23) (1-2)
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[a]D -85 .7  (c = 0.3, CH 3OH) (lit25 [oc]D -85 .7  (c = 1.03, CHjOH)); 'H  NMR (D20 ) 8

1.21 (m, 1H), 1.49 (m, 1H), 1.66 (broad, 1H), 1.86 (dd, 1H, J = 3.6, 9.0 Hz), 1.93 (dd, 

1H, J=2.7, 14.3 Hz), 2.02 (m, 1H), 2.49 (dd, 1H, J = 13.2, 9.8 Hz), 2.83 (dd, 1H, J = 13.2,

2.1 Hz), 2.87 (broad, 1H), 3.76 (dt, 1H, J = 3.9, 10.2 Hz), 4.19 (dd, 1H, J = 3.9, 5.7 Hz),

4.30 (m, 1H); 13C NMR (D20 ) 8 23.55, 32.86, 52.04, 61.26, 66.76, 69.37, 70.03, 73.28; 

identical with natural p roduct.48

III.4.11 Synthesis of Pyranoside Alkene (III-34)

HQ

B n O "
BnO

OBn
OM e

BnQ

BnO
BnO

OBn
OMe

(II-5) (111-38)

The general procedure for the benzylation of alcohol was applied to (II-5) (1.25 g,

2.5 mmol), using NaH (0.30 g, 60% suspension in oil, 7.5 mmol), n-Bu4NI (0.09 g, 0.25 

mmol) and benzyl bromide (0.59 mL, 5.0 mmol). Flash chrom atography o f the crude 

product afforded recovered starting material (0.32 g) and pyranoside alkene (111-38) 

(1.09 g, 92% base on recovered (II-5)); R f  = 0.70 (EtOAc : PE = 20 : 80); 'H  NM R 

(CDCI3) 8 2.15 (m, 1H), 2.39 (m, 1H), 3.33 (s, 3H), 3.44 (m, 2H), 3.64 (dd, 1H, J = 5.4,

9.0 Hz), 3.92 (d, 1H, J = 10.2 Hz), 3.99 (t, 1H, J = 9.0 Hz), 4.58 (t, 2H, J = 11.7 Hz), 4.66 

(ABq, AS = 0.45 ppm, 2H, J = 11.7 Hz), 4.73 (d, 2H, J = 12.9 Hz), 4.77 (d, 2H, J = 10.8 

Hz), 4.95 (m, 2H), 5.70 (m, 1H), 7.26 (m, 20H); l3C NM R (CDC13) 8 34.74, 55.24, 70.73,
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72.14, 73.41, 74.85, 75.96, 78.45, 78.56, 80.50, 82.80, 97.97, 116.73, 127.62 -  128.56 

(several lines), 136.09, 138.41, 138.61, 138.78.

III.4.12 Synthesis of Iodo THF (111-39)

BnQ,

BnO
BnO

OBn
OMe

OMe

O B n'O M e

(111-38) (111-39)

The general iodoetherification procedure was applied to pyranoside alkene (HI- 

38) (1.09 g, 1.84 mmol), using IDCP (2.5 g, 5.33 m mol) and M eOH (0.50 mL, 15.3 

mmol). Flash chrom atography o f crude residue gave syrup (111-39). Rf = 0.40 (Acetone : 

CHC13 = 1 : 99); 'H  NM R (CDC13) 5 1.98 (m, 1H), 2.17 (m, 1H), 3.18 (m, 2H), 3.22 (s, 

3H), 3.45 (s, 3H), 3.64 (m, 1H), 3.78 (m, 1H), 4.07 (m, 1H), 4.23 (m, 2H), 4.45 (m, 2H),

4.55 -  4.70 (m, 4H), 4.79 -  4.93 (m, 3H), 7.28 (m, 20H); 13C NM R (CDC13) 5 8.37,

10.48, 37.45, 39.05, 54.07, 54.24, 71.38, 71.65, 73.98, 74.06, 75.06, 75.45, 75.59, 77.98,

78.35, 79.28, 79.92, 80.17, 80.31, 80.69, 85.49, 86.41, 105.44, 105.54, 127.61 -  128.57 

(several lines), 137.90, 138.56, 139.16.
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III.4.13 Synthesis of Hydroxy Alkene (III-40)

BnO//,,

OBn OMe

OMe

OBn OMe

(III-39) (111-40)

Com pound (III-39) was dissolved in 95% ethanol (25 mL) and stirred with 

freshly activated powdered zinc (7 g) at reflux for 1 h. The suspension was then diluted 

with ether and filtered through a short column of florisil. Concentration o f the filtrate in 

vacuo followed by flash chrom atography of the residual, dark brown oil afforded 

hydroxy alkene (III-40) (0.87 g, 76% after two steps). Rf = 0.6 (EtOAc : P.E = 20 : 80); 

'H  NMR (CDC13) 6 2.44 (m, 2H), 3.28 (d, 1H. J = 4.5 Hz), 3.34 (s, 3H), 3.44 (s, 3H), 

3.65 (m, 1H), 3.86 (dd, 1H, J = 4.8, 6.0 Hz), 3.94 (dd, 1H, J =  4.2, 5.7 Hz), 4.08 (dd, 1H, 

J =  4.8, 10.8 Hz), 4.15 (t, 1H, J = 4.5 Hz), 4.51 (d, 1H, J =  5.4 Hz), 4.62 (s, 2H), 4.63 (d, 

2H, J = 10.2 Hz), 4 .76 (s, 2H), 4.86 (ABq, AS = 0.19 ppm, 2H, J = 11.4 Hz), 5.15 (m, 

2H), 5.92 (m, 1H), 7.38 (m, 20H); 13C NMR (CDCI3) S 34.47, 54.93, 56.10, 71.82, 

72.51, 72.79, 74.43, 77.13, 78.80, 78.89, 79.83, 106.07, 116.94, 127.57 -  128.67 (several 

lines), 135.62, 138.38, 138.51, 138.79, 138.85.
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III.4.14 Synthesis of Keto Alkene (111-41)

B n O / / , , . / ' " '

B n O ' ^ ^ sS°  OMe 
BnO—

OBn OMe

(III-41)

The general procedure for Sw em ’s oxidation o f alcohol was applied to (111-40) 

(1.1 g, 3.4 m m ol), using DM SO (0.49 mL, 7.0 m mol), oxalyl chloride (0.5 mL, 5.8 

mmol) and E t3N (1.6 mL, 11.7 m mol). Flash chrom atography o f  the crude product gave 

ketone (111-41) (1.04 g, 95% ). Rf = 0.7 (EtOAc : P.E = 20 : 80); ‘H NM R (CDCI3) 8 2.29 

( m, 2H), 3.23 (s, 3H), 3.34 (s, 3H), 3.74 (dd, 1H, J = 4.2, 6.0 Hz), 4.08 (m, 3H), 4.39 

(ABq, A8 = 0.05 ppm, 2H, J =  11.7 Hz), 4.45 (d, 1H, J =  6.3 Hz), 4.50 (ABq, A8 = 0.04 

ppm, 2H, J = 11.7 Hz), 4.58 (ABq, A5 = 0.24 ppm, 2H, J = 11.7 Hz), 4.62 (d, 1H, J = 5.1 

Hz), 4.72 (ABq, A5 = 0.16 ppm, 2H, J = 11.7 Hz), 4.99 (m, 2H), 5.68 (m, 1H), 7.33 (m, 

20H); l3C  NM R (CDCI3) 8 34.14, 54.33, 55.74, 71.63, 73.38, 74.12, 74.25, 78.01, 79.42,

80.20, 81.19, 105.42, 117.62, 127.53 -  128.69 (several lines), 134.16, 137.94, 138.13,

138.41, 138.99, 207.13.

BnO//,,.

OBn OMe

(III-40)
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III.4.15 Synthesis of Keto Aldehyde (111-42)

BnO//,,.

OMe 

OBn 'O M e

( I I I -41)

OBn OMe

(111-42)

O3 was bubbled at -78 0 C, through a solution o f (111-41) (0.62 g, l.Ommol) in a 

mixture o f CH2CI2 (5 mL) and M eOH (1 raL). The progress of the reaction was followed 

by tic upon disappearance o f starting material. The reaction vessel was purged with 

argon, and the reaction m ixture warmed to rt. M ethanol (4 mL) and Ph3P (0.6g, 2.3 

mmol) were then added and stirring continued under an argon atm osphere for lh. 

Concentration o f  the reaction mixture followed by flash chrom atography o f the residual 

slurry afforded the keto-aldehyde derivative (III-42) (0.54 g, 85%). Rf = 0.30 (EtOAc : 

P.E = 20 : 80); *H NMR (CDC13) 5 2.34 (m, 2H), 3.17 (s, 3H), 3.32 (s, 3H), 3.64 (dd, 1H, 

J =  3.0, 6.6  Hz), 3.99 (dd, 1H, J = 3.0, 4.8 Hz), 4.28 (ABq, A8 = 0.05 ppm , 2H, J =  11.7 

Hz), 4.28 (d, 1H, J =  10.8 Hz), 4.49 (ABq, A8 = 0.11 ppm, 2H, J =  11.7 Hz ), 4.52 (ABq, 

A8 = 0.29 ppm, 2H, J = 12.0 Hz ), 4.61 (ABq, A8 = 0.32 ppm, 2H, J = 11.1 Hz), 4.62 (d, 

1H, J = 5.1 Hz), 7.26 (m, 20H), 9.36(s, 1H); 13C NM R (C D Q 3) 8 43.38, 54.21, 55.88, 

72.11, 72.86, 73.89, 77.29, 77.43, 78.80, 79.92, 105.36, 1 2 7 .6 0 - 128.81 (several lines), 

137.74, 137.93, 137.67, 138.68, 200.07, 205.40.
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III.4.16 Synthesis of Tricarbonyl Precursor (111-24)

Bn

BnO///,

OBn OMe OBn
OH

OBn

(III-42) (III-24a) (III-24b)

9M HC1 (4.5 mL) was added to a solution o f  the keto-aldehyde (111-42) (0.24 g, 

0.39 m m ol) in TH F (13.5 mL). The reaction m ixture was stirred at rt for lh , then 

carefully neutralized by addition o f  saturated aqueous NaHCCb. The resulting mixture 

was extracted with ether (3 x) and the com bined organic phase washed w ith brine. The 

organic layer was dried (Na2SC>4), filtered and evaporated in vacuo. Flash 

chrom atography o f  the crude product provided recovered (111-42) (0.04 g) and (111-24) 

(0.16 g, 8 6 % base on recovered (111-42)) white solid. Rf =  0.45 (EtOAc : P .E  = 50 : 50); 

'H  NM R (CDCI3) 8 1.26( m, 2H), 1.75 -  2.60 (m, 2H), 3.46 (m, 1H), 3.77 -  4.07 (m, 

3H), 4.45 - 4.97 (m, 8H), 5.13 - 5.48 (m, 2H ), 7.26 (m, 20H); l3C N M R (CDCI3) 8

39.80, 40.54, 73.15, 73.42, 74.67, 74.77, 74.90, 75.52, 75.66, 76.09, 76.17, 78.52, 79.21,

81.94, 82.24, 82.98, 83.19, 84.35, 84.74, 94.15, 94.52, 97.51, 98.06, 106.21, 107.91, 

127.46 - 128.77 (several lines), 137.56, 137.69, 137.92, 138.62, 138.97, 138.81.
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III.4.17 Synthesis of Methyl 2,3,4,-tri-O-acetyl 6-deoxy-6-iodo-a-D- 

glucopyranoside (111-43)

,OH

HO
HO

OHOMe

AcO
AcO

OAc
OMe

d-38) (111-43)

Toluene (50 mL) was rem oved by using a D ean-Stark trap, from a mixture of (I- 

38) (10.0 g, 51.5 m mol), Ph3P (30.5 g, 115.0 m m ol) and im idazole (16.8 g, 238.0 mmol) 

in toluene (450 mL). CH3CN (200 mL) was added to the residual solution. The solution 

was cooled to 60 °C, I2 (28.0 g, 108.0 mmol) was added in small portions. The reaction 

mixture was refluxed for 2 h, then cool to rt. The solution was extracted with water (2 X 

50 mL). The com bined aqueous phase was w ashed by toluene (20 mL), concentrated in 

vacuo, and the crude residue was dried by rem oval o f  the toluene-water azeotrope. Acetic 

anhydride (52.5 g, 102.0 m m ol), 0.5 mL pyridine and 4-dim ethylam inopyridine (0.50 g,

4.1 mmol) were added to a solution o f crude residue in EtOAc (250 mL). After stirring 

for 3 h, methanol (75 mL) was added and the reaction m ixture evaporated in vacuo. Flash 

chrom atography of crude product gave (III-43) (16.6 g, 75 % from (1-38)). Rf = 0.60 

(EtOAc : P.E =  50 : 50); 'H  NM R (CDC13) 5 2.01 (s, 3H), 2.06 (s, 3H), 2.08 (s, 3H), 3.14 

(dd, 1H, J =  8.4, 11.1 Hz), 3.31 (dd, 1H, J =  2.4, 11.1 Hz), 3.84 (s, 3H), 3.80 (m, 1H), 

4.87 (m, 2H), 4.97 (d, 1H, J = 3.6 Hz), 5.47 (t, 1H, J = 9.9 Hz); 13C NM R (CDC13) 8

20 .98 ,55 .99 ,68 .90 , 69 .92 ,71 .16 ,72 .73 ,76 .66 , 96.90, 169.67, 170.02, 170.11.
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III.4.18 Synthesis of Pyranoside Alkene (111-26)

AcO
AcO BnOAcO

OAc AcO BnO
OAcOMe OBn

OMe OMe

(III-43) (III-43-1) (111-26)

A solution of (111-43) (6.9 g, 16.0 mmol), AIBN (0.39 g, 2.4 mmol) and allyl 

tributyltin (10.6 g, 9.92 mL, 32.0 mmol) in benzene (64 mL) was purged with N2 for 15 

min. The reaction mixture was heated at reflux for 16 h. Saturated aqueous KF solution 

(50 mL) was then added and the m ixture was extracted with ether (3 x). The combined 

organic phase was dried (Na2SC>4), filtered and evaporated in vacuo. Com pound (111-43- 

1) (3.3 g, 60 %) was obtained after flash chromatography. Rf = 0.30 (EtOAc : P.E = 20 : 

80); ‘H NM R (CDCI3) 5 1.61 (m, 2H), 1.99 (s, 3H), 2.03 (s, 3H), 2.07 (s, 3H), 2.10 (m, 

1H), 2.28 (m, 1H), 3.38 (s, 3H), 3.76 (dt, 1H, J = 3.3, 9.0 Hz), 4.86 (m, 3H), 5.01 (m, 

2H), 5.43 (t, 1H, J = 9.6 Hz), 5.78 (m, 1H); 13C NM R (CDCI3) 6 21.02, 29.52, 30.69,

55.50, 68.00, 70.54,71.45, 72.67,96.73, 115.31, 137.83, 169.89, 170.13, 170.24.

A 1M solution o f NaOM e (2.0 mL) in methanol was added to a solution o f (III- 

43-1) (3.3 g, 9.7 mmol) in 25 m L dry methanol. The reaction was followed by tic. After 

stirring at rt for 2 h, 1M HC1 in methanol was carefully added to neutralize the reaction 

mixture. The solvent was rem oved at reduced pressure. The crude residue was subjected 

to the standard benzylation procedure (section II.5.2) to afford (III-26) (3.15 g, 6.5 

mmol, 67 % two steps). R f = 0.70 (EtOAc : P.E = 20 : 80); 'H  NM R (CDCI3) 6 1.46 (m,
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1H), 1.92 (m, 1H), 2.10 (m, 1H), 2.25 (m, 1H), 3.21 (t, 1H, J = 9.3 Hz), 3.38 (s, 3H), 3.53 

(dd, 1H, J = 3.6, 12.9 Hz), 3.63 (dt, 1H, J = 2.1, 9.6 Hz), 3.98 (t, 1H, J = 9.3 Hz), 4.56 (d, 

1H, J = 3.3 Hz), 4.75 (ABq, AS = 0.04 ppm, 2H, J = 12.0 Hz), 4.78 (ABq, AS = 0.29 ppm , 

2H, J = 10.8 Hz), 4.92 (ABq, AS = 0.17 ppm, 2H, J = 10.8 Hz), 4.99 (m, 2H), 5.81 (m, 

1H), 7.32 (m, 15H); 13C NM R (CDCI3) 5 29.98, 31.23, 55.27, 69.80, 73.52, 75.44, 75.95, 

80.40, 82.29, 98.00, 114.87, 127.71, 127.84, 128.00, 128.12, 128.24, 128.35, 128.52, 

128.56.

III.4.19 Synthesis of Hydroxy Alkene (111-45)

BnO OHBnOBnO OMeOMeBnO BnO BnOOBn
OMe OBn OMe

(111-26) (III-44) (111-45)

The standard iodoetherification procedure (section II.4.3) was applied to (111-26) 

(1.65 g, 3.4 mmol), using methanol as nucleophile. Com pound (111-44) (1.80 g, 82.4 %) 

was obtained; R f = 0.40 (EtOAc : P.E = 20 : 80); ‘H NM R (CDC13) 8 1.57 (m, 1H), 1.96 

(m, 2H), 2.12 (m, 1H), 3.15 (m, 2H), 3.27 (s, 3H), 3.47 (s, 3H), 3.58 (m, 1H), 3.68 (m, 

1H), 3.91 (m, 2H), 4.05 (m, 1H), 4.51 (m, 1H), 4.64 (m, 1H), 4.71 - 4.88 (m, 4H), 7.26 

(m, 15H); 13C NM R (CDC13) 5 11.03, 19.90, 26.74, 27.84, 31.72, 33.04, 54.75, 54.90, 

56.30, 73.53, 74.16, 74.98, 75.51, 76.93, 76.98, 77.37, 77.40, 77.44, 78.67, 78.89, 80.56,
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80.80, 81.10, 81.48, 81.71, 83.08, 83.18, 84.96, 105.81, 105.89, 127.49 -  128.50 (several 

lines), 138.76, 139.10, 139.21.

Com pound (111-44) (1.70 g, 2.63 mmol) was subjected to the standard the 

reductive elimination procedure (section II.5.3) to give (111-45) (1.25 g, 88%); Rf = 0.45 

(EtOAc : P.E = 20 : 80); 'H  NM R (CDCI3) 8 1.46 (m, 1H), 1.61 (m, 1H), 2.06 (m, 1H),

2.17 (m, 1H), 2.93 (d, 1H, J = 3.9 Hz), 3.22 (s, 3H), 3.40 (s, 3H ), 3.45 (dd, 1H, J = 4.8,

6.9 Hz), 3.67 (m, 2H), 3.85 (dd, 1H, J =  3.0, 4.8 Hz), 4.41 (d, 1H, J =  6.3 Hz), 4.56 (ABq, 

A5 = 0.17 ppm, 2H, J = 11.7 Hz), 4.57 (t, 2H, J = 12.0 Hz), 4.52 (d, 1H, J =  6.0 Hz), 5.75 

(m, 1H), 7.26 (m, 15H); 13C  N M R (CDC13) S 30.04, 32.84, 54.75, 56.63, 71.24, 73.44, 

73.96, 74.34, 77.89, 77.94, 79.70, 105.99, 114.74, 127.77, 127.85, 127.90, 128.21,

128.41, 128.47, 128.51, 128.59, 138.06, 138.27, 138.81.

III.4.20 Synthesis of Keto Alkene (111-46)

OHBnO OMe BnO OMe
BnO BnO

OBn OMe OBn OMe

(111-45) (III-46)

The standard Sw era’s oxidation procedure (section II.4.5) was applied to hydroxy 

alkene (III-45) (1.14g, 2.2 m m ol). Com pound (III-46) (1.07 g, 94 %) was obtained. Rf = 

0.55 (EtOAc : P.E = 20 : 80); *H NM R (CDCI3) 5 2.14 (m, 2H ), 2.57 (m, 2H), 3.34 (s, 

3H), 3.41 (s, 3H), 3.73 (dd, 1H, J = 4.2, 6.0 Hz), 4.04 (m, 2H), 4 .46 (d, 1H, J =  5.7 Hz),

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



90

4.60 (ABq, A8 =  0.22 ppm, 2H, J = 11.7 Hz), 4.64 (ABq, A5 = 0.15 ppm, 2H, J =  10.8 

Hz), 4 .69 (ABq, A8 = 0.25 ppm, 2H, J =  11.1 Hz), 4.93 (m, 2H), 5.70 (m, 1H), 7.32 (m, 

15H); 13C NM R (CDC13) 6 27.43, 39.35, 54.87, 56.02, 73.32, 74.30, 74.81, 78.08, 80.01,

83.10, 105.63, 114.96, 127.45, 127.78, 127.93, 128.15, 128.18, 128.26, 128.37, 128.47,

137.48, 137.67, 138.11, 138.64, 209.21.

III.4.21 Synthesis of Keto Aldehyde (111-47)

BnO OMe
BnO

OBn OMe

OMe 

OBn'OMe

(III-46) (III-47)

Keto alkene (111-46) (0.88 g, 1.7 mmol) was subjected to the identical ozonolysis 

procedure that was used for preparation o f (II-9) (section II.4 .11). Com pound ( I I I -47) (> 

95%) was obtained. R f = 0.30 (EtOAc : P.E = 20 : 80); ‘H NMR (CDCl?) 5 2.19 (m, 1H), 

2.40 (m , 1H), 2.57 (m, 1H), 2.70 (m, 1H), 3.23 (s, 3H), 3.32 (s, 3H), 3.64 (dd, 1H, J = 

3.9, 6.0 Hz), 3.93 (t, 1H, J = 4.5 Hz), 4.04 (d, 1H, J = 4.2 Hz), 4.37 (t, 2H, J = 5.1 Hz),

4.39 (s, 1H), 4.56 (ABq, A8 = 0.05 ppm , 2H, J =  11.4 Hz), 4.68 (ABq, A8 = 0.05 ppm, 

2H, J = 11.1 Hz), 7.21 (m, 15H), 9.52 (s, 1H); l3C NM R (CDCI3) 5 32.59, 37.33, 54.63,

55.90, 73.00, 74.09, 74.43, 77.66, 80.05, 82.16, 105.42, 127.41, 127.82, 127.86, 128.12,

128.17, 128.37, 128.42, 137.58, 137.85, 200.76,207.43.
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III.4.22 Synthesis of Tricarbonyl Precursor (111-25)

OMe 

OBrTOMe

■OH

BnO
'OHBnO

OBn

(III-47) (III-25a) (III-25b)

The hydrolysis procedure for preparation o f ( I I - l)  (section II.4.12) was applied to 

(III-47) (0.69 g, 1.33 mmol) to give (III-25) (0.60 g, 91 %). *H N M R (CDC13) 5 1.92 (m, 

2H), 2.13 (m, 2H), 3.51 (m, 2H), 3.95 (m, 1H), 4.63 (m, 2H), 4.80 (m, 2H), 4.94 (m, 3H), 

5.24 (m, 1H), 5.61 (m, 1H), 7.27 (m, 15H); 13C NM R (CDCI3) 5 28.32, 29.83, 30.70,

31.41, 31.96, 32.42, 33.04, 60.57, 73.88, 74.77, 74.82, 75.33, 75.39, 75.46, 75.59, 75.65,

75.87, 76.04, 77.80, 79.48, 80.06, 80.10, 80.47, 81.04, 81.90, 81.98, 82.93, 83.56, 93.05, 

93.37, 94.68, 100.10, 100.50, 107.06, 107.18, 107.34, 127.42, 127.54, 127.63, 127.88, 

127.98, 128.12, 128.19, 128.32, 128.54, 128.63, 137.18, 137.53, 137.82, 138.24, 138.33,

138.39, 138.54, 138.61.

III.4.23 Synthesis of Methyl 2,3,4-tri-O-benzyI-galactopyranoside (111-48)

HO

OH,'OMe

HO BnOBnO
OBnOBnOH,'OMe OMeOMe

(III-29) (III-29-1) (III-29-2) (111-48)
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A solution o f compound (III-29) (10.8 g, 50.9 mmol), (CeHsX^CCl (28.4 g, 102.0 

m mol), dimethylaminopyridine (DM AP) (0.62 g, 5.1 mmol) and E t3N (TEA) (15.6 mL,

11.3 g, 112.0 mmol) in dry D M F (100 mL) was stirred at rt for 18 h. M eOH (5 m L) was 

added to the reaction mixture, and the volatile removed in vacuo. The crude residue was 

purified by flash chrom atography to yield (III-29-1) (20.0 g, 85 %). Rf = 0.50 (EtOAc : 

M eOH = 90 : 10); 'H  NM R (CDCI3) 8 3.29 (m, 1H), 3.38 (s, 3H), 3.40 (m, 1H), 3.72 (m, 

4H), 3.80 (m, 2H), 3.89 (d, 1H, J = 3.0 Hz), 3.75 (d, 1H, J = 3.6 Hz), 7.23 (m, 10H), 7.45 

(m, 5H); 13C  NM R (CDCI3) 5 36.49, 55.19, 63.43, 69.43, 69.88, 70.89, 86.83, 99.64, 

127.02, 127.83, 128.69.

Com pound (III-29-1) (19.8 g, 45.4 mmol) was subjected the general benzylation 

reaction (section II.4.2) to give (III-29-2) (25.7 g, 80 %). Rf = 0.60 (EtOAc : P  . E =  20 : 

80); 'H  NM R (CDCI3) 5 3.14 (dd, 1H, J =  6 .6 , 9.6 Hz), 3.35 (s, 3H), 3.40 (dd, 1H, J =

6.3, 9.3 Hz), 3.70 (t, 1H, J = 6.3 Hz), 3.86 (m, 2H), 3.96 (dd, 1H, J = 3.3, 10.2 Hz), 4.56 

(ABq, A5 = 0.20 ppm, 2H, J =  11.4 Hz), 4.73 (ABq, A5 = 0.14 ppm, 2H, J =  12.3 Hz), 

4.78 (ABq, A5 = 0.15 ppm, 2H, J = 12.0 Hz), 4.81 (d, 1H, J = 11.1 Hz), 7.32 (m, 15H); 

13C NM R (CDCI3) 8 55.35, 63.43, 69.80, 73.55, 73.75, 74.83, 75.93, 79.33, 87.16, 97.57,

98.88, 1 2 7 .2 4 - 128.85 (several lines), 138.77, 138.81, 139.16, 144.21.

The (III-29-2) (23.2 g, 32.9 m m ol) was dissolved in 20 % aqueous HOAc (100 

mL). The reaction m ixture was refluxed for 4  h, at which time the volatile was rem oved 

in vacuo. Flash chrom atography o f the residue gave (III-48) (13.5 g, 88 %); Rf = 0.40 

(EtOAc : P . E = 30 : 70); ‘H N M R (CDC13) 5 2.21 (br, 1H), 3.30 (s, 3H), 3.43 (dd, 1H, J 

= 7.8, 14.1 Hz), 3.66 (dd, 1H, J =  7.8, 13.8 Hz), 3.67 (s, 1H), 3.82 (d, 1H, J = 2.4 Hz),

3.89 (dd, 1H, J = 2.7, 12.9 Hz), 4.01 (dd, 1H, J = 3.6, 10.2 Hz), 4.06 (dd, 1H, J =  7.2,
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14.4 Hz), 4 .66  (d, 1H, J =  4.2 Hz), 4.72 (ABq, A8 = 0.15 ppm , 2H, J = 11.7 Hz), 4.75 

(ABq, AS =  0.34 ppm , 2H, J = 11.4 Hz), 4.77 (ABq, AS = 0.14 ppm, 2H, J = 11.7 Hz)

7.31 (m, 15H); I3C NM R (CDC13) 5 14.29, 55.43, 62.42, 70.46, 73.66, 74.57, 75.28, 

76.59, 79.20, 98.91, 127.66 -  128.60 (several lines), 138.32, 138.53, 138.82.

III.4.24 Synthesis of Tri-O-benzyl-galacto Aldehyde (111-49)

OHC 
BnO \

OBn)
OMe

(111-48) (III-49)

The standard Sw em ’s oxidation procedure (section II.4.5) was applied to (111-48) 

(3.7 g, 7.9 mmol). Com pound (111-49) (quantity recovered) was obtained. Rf = 0.60 

(EtOAc : P . E  = 30 : 70); 'H  NMR (CDC13) 5 3.33 (s, 3H), 3.61 (m, 1H), 3.90 (m, 2H),

4.04 (s, 1H), 4.47 -  5.04 (m, 7H), 7.28 (m, 15H), 9.46 (s, 1H); 13C NM R (CDC13) 8

55.36, 55.46, 62.87, 73.37, 74.99, 75.72, 76.70, 78.96, 99.00, 127.62 -  128.61 (several 

lines), 137.91 — 138.81 (several lines), 200.49.
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III.4.25 Synthesis of Homo Allylic Alcohol (III-28)

BnO

Bn
OHC

OMe OMe OMe

(111-49) (III-28) (III-50)

The aldehyde (111-49) from last step was treated with tin pow der (1.88 g, 15.9 

mmol, 100 m esh) and allyl bromide (2.06 mL, 2.88 g, 23.8 m m ol) according to the 

procedure described for the preparation o f compound (II-6) (section II.4.7). Flash 

chrom atography o f  the residue afforded (111-28) (3.2 g, 74 %) and (III-50 ) (0.26 g, 6 %) 

in a ratio o f 12 : 1.

For m ajor product (111-28): R f = 0.60 (EtOAc : P . E =  30 : 70); ‘H NM R (CDC13) 8 1.48 

(br, 1H), 1.96 (m, 1H), 2.41 (m, 1H), 3.25 (s, 3H), 3.29 (m, 1H), 3.66 (ddd, 1H, J = 3.0,

8.4, 11.7 Hz), 3.83 (dd, 1H, J = 2.7, 10.2 Hz), 3.97 (dd, 1H, J = 3.6, 10.2 Hz), 4.05 (d, 

1H, J =  1.8 Hz), 4.56 (d, 1H, J =  5.4 Hz), 4.69 (ABq, A5 = 0.18 ppm, 2H, J =  11.7 Hz), 

4.72 (ABq, AS = 0.09 ppm , 2H, J =  12.0 Hz), 4.76 (ABq, A5 = 0.29 ppm , 2H, J = 11.7 

Hz), 5.01 (m, 2H), 5.70 (m, 1H), 7.25 (m, 15H); ,3C NM R (CDC13) 8  38.44, 55.55,

68.34, 72.32, 73.49, 73.70, 74.06, 74.62, 76.47, 79.43, 99.12, 118.49, 127.65 -  128.62 

(several lines), 134.59, 138.65, 138.77, 138.93.

For m inor product (IH -50): Rf = 0.50 (EtOAc : P . E  =  30 : 70); 'H  NMR (CDC13) 8  2.09 

(t, 2H, J = 6.6  Hz), 3.34 (s, 3H), 3.48 (d, 1H, J  = 4.8 Hz), 3.81 (dd, 1H, J =  6.0, 11.1 Hz),

3.90 (m, 2H), 4.03 (dd, 1H, J =  3.0, 10.5 Hz), 4.71 (d, 1H, J = 3.9 Hz), 4.73 (ABq, AS =
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0.14 ppm , 2H, J = 12.0 Hz), 4.75 (ABq, A8 = 0.27 ppm, 2H, J = 11.7 Hz), 4.88 (ABq, A8 

=  0.32 ppm , 2H, J = 11.1 Hz), 4.96 (m, 2H), 5.74 (m, 1H), 7.30 (m, 15H); 13C NMR 

(CDClj) 8 37.44, 55.65, 71.12, 71.38, 73.72, 74.00, 74.67, 76.36, 77.23, 79.52, 99.05,

117.50, 1 2 7 .6 9 - 128.62 (several lines), 134.60, 138.04, 138.51, 138.83.

III.4.26 Synthesis of Tetra-O-benzyl-galacto Alkene (111-51)

H Q BnO, BnO BnO,
BnO BnO BnO BnO

OHBnO BnO OMe

OMe

OMe BnO  

'OMe

BnO
OBn OBn

OMe OBnOM e OBn

(III-28) (III-28-1) (III-28-2) (III-51)

Application o f the general benzylation procedure (section II.4.2) to  (111-28) (3.1 

g, 6.2 mmol) yielded (III-28-1) (3.3 g, 90 %); Rf = 0.60 (EtOAc : P . E  =  10 : 90); 'H  

NMR (CDC13) 8 2.37 (m, 1H), 2.66 (m, 1H), 3.34 (s, 3H), 3.66 (d, 1H, J =  9.3 Hz), 3.81 

(dt, 1H, J = 3.0, 4.5 Hz), 3.91 (dd, 1H, J = 2.4, 10.2 Hz), 4.04 (dd, 1H, J =  3.9, 9.9 Hz), 

4.14 (d, 1H, J = 1.8 Hz), 4.39 (ABq, A8 = 0.39 ppm, 2H, J = 10.8 Hz), 4.64 (d, 1H, J =

3.6 Hz), 4.72 (ABq, A8 = 0.14 ppm , 2H, J = 12.0 Hz), 4.75 (ABq, AS = 0.55 ppm, 2H, J =

11.1 Hz), 4.76 (ABq, A8 = 0.12 ppm, 2H, J =  11.7 Hz), 5.08 (m, 2H), 5.92 (m, 1H), 7.26 

(m, 20H); 13C NMR (CDCI3) 8 34.25, 55.81, 70.88, 71.50, 73.37, 73.63, 74.65, 75.25,

75.86, 76.39, 79.71, 99.30, 117.65, 127.50 -  128.48 (several lines), 134.23, 138.40, 

138.68, 139.01, 139.20; Anal calcd for C 38H4206: C, 76.74; H, 7.12. found; C, 76.38; H, 

6.82.
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The standard iodoetherification procedure (section II.4.3) was applied to alkene 

(III-28-1) (3.1 g, 5.2 mmol) and using M eOH as nucleophile. A mixture of iodo-THF 

(III-28-2) was obtained. Rf = 0.55 (EtOAc : P . E  = 10 : 90 );'H  NM R (CDC13) 8 1.71 (m, 

1H), 2.15 (m, 1H), 3.21 (m, 2H), 3.30 (s, 3H), 3.42 (s, 3H), 3.80 (m, 3H), 3.97 (m, 1H),

4.03 (br, 1H), 4.34 (m, 3H), 4.41 (m, 2H), 4.65 (m, 2H ), 4.94 (m, 2H), 7.26 (m, 20H); 13C 

NM R (CDCI3) 6  8.80, 11.00, 14.32, 21.11, 37.82, 38.89, 53.62, 54.93, 55.04, 60.41,

71.13, 71.56, 72.74, 72.93, 73.74, 73.63, 74.55, 78.03, 78.62, 79.12, 79.29, 80.21, 80.94, 

83.85, 85.41, 104.53, 104.66, 127.37 -  128.48 (several lines), 138.06, 138.13, 138.48,

139.10, 139.39.

The (III-28-2) from last step was treated according to the standard procedure for 

reductive elim nation condition (section II.4.4). Com pound (III-51) (3.2 g, 98 % from 

(III-28-1)) was obtained. Rf = 0.35 (EtOAc : P . E = 10 : 90); *H NMR (CDCI3) 8 2.50 

(m, 1H), 2.68 (m, 1H), 3.33 (s, 3H), 3.36 (s, 3H), 3.62 (dt, 1H, J = 4.2, 8.7 Hz), 3.70 (t, 

1H, J = 3.0 Hz), 3.88 (d, 1H, J = 9.0 Hz), 4.07 (br, 2H), 4.39 (ABq, AS = 0.45 ppm, 2H, J 

= 11.1 Hz), 4.43 (ABq, AS = 0.10 ppm, 2H, J = 11.7 Hz), 4.46 (d, 1H, J = 5.4 Hz), 4.75 

(ABq, A8 = 0.07 ppm, 2H, J =  11.1 Hz ), 4.76 (ABq, AS = 0.20 ppm, 2H, J = 11.4 Hz),

5.10 (m, 2H), 5.93 (m, 1H), 7.28 (m, 20H); 13C  NMR (CDCI3) S 34.37, 55.90, 70.98,

71.61, 73.47, 73.73, 74.72, 75.32, 75.95, 76.48, 79.82, 97.54, 99.38, 117.73, 127.53 -  

128.58 (several lines), 134.33, 138.49, 138.77, 139.11.
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III.4.27 Synthesis of Keto Aldehyde (III-53)

BnO,
CHO

BnO
OH

OMe

OMe

OMe

'OMe
BnO OM e

OMe

BnO BnO

OBnOBn OBn

(III-51) (III-52 ) (III-53)

The general Sw em ’s oxidation procedure (section II.4.5) was applied to (III-51) 

(3.1 g, 5.0 mmol). Ketone (III-52) (2.9 g, 93 %) was obtained. Rf = 0.50 (EtOAc : P . E = 

10 : 90); *H NMR (CDCI3) 8 2.28 (m, 1H), 2.46 (m, 1H), 3.29 (s, 3H), 3.37 (s, 3H), 3.42 

(s, 1H), 3.51 (m, 1H), 3.76 (m, 1H), 4.05 (m, 1H), 4.22 (m, 2H), 4.45 (m, 3H), 4.59 (m, 

2H), 4.78 (m, 2H), 5.00 (m , 2H), 5.75 (m , 1H), 7.26 (m, 20H); 13C NMR (CDC13) 8

35.34, 54.65, 56.02, 71.98, 72.06, 74.60, 74.76, 78.91, 80.33, 80.44, 82.41, 97.51, 105.51,

117.64, 1 2 7 .6 8 -  128.51 (several lines), 134.03, 137.76, 138.16, 138.35, 138.86.

The standard ozonolysis procedure that was used for preparation of compound (II- 

9) was applied to alkene (HI-52) (1.5 g, 2.4 m m ol) to give dicarbonyl com pound (III-53) 

(1.2 g, 80 %). Rf = 0.60 (EtOAc : P . E  = 10 : 90); 'H  NMR (CDCI3) 8 2.42 (ddd, 1H, J =

1.8, 8.1, 17.4 Hz), 2.71 (dd, 1H, J = 3.3, 17.4 Hz), 3.38 (s, 3H), 3.39 (s, 3H), 3.39 (m, 

1H), 3.85 (t, 1H, J = 5.1 Hz), 4.11 (m, 2H), 4.37 (ABq, A8 =  0.17 ppm, 2H, J = 11.1 Hz),

4.42 (ABq, AS = 0.09 ppm, 2H, J =  11.7 Hz), 4.45 (d, 1H, J = 2.1 Hz), 4.63 (ABq, A8 = 

0.13 ppm, 2H, J = 11.4 Hz), 4.68 (ABq, A8 =  0.18 ppm, 2H, J = 11.4 Hz), 7.26 (m, 20H),

9.43 (s, 1H); 13C NMR (CDCI3) 8  44.45, 55.25, 55.88, 72.15, 72.52, 74.67, 75.26, 77.31,
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78.90, 80.35, 81.72, 97.46, 105.74, 127.51 -  128.61 (several lines), 137.41, 137.59,

138.18, 138.58, 199.37, 208.27.

III.4.28 Synthesis of Tricarbonyl Precursor (111-27)

BnO \

'  OMe 
OBn UMe

(111-53)

BnvL o
B n O - ^ — CHO 

OBn

(III-27a)

BnQ,
BnO OH

BnO OH
OBn

(III-27b)

The general hydrolysis procedure that was used for the synthesis o f ( I I - l)  was 

applied to (111-53) (0.90 g, 1.4 mmol). Com pound (III-27) (0.66 g, 77 %) was obtained. 

*H N M R (CDCI3) 5 1.70, 1.84, 2.09, 2.24, 2.34 (all m, 2H), 3.17 (br, 2H), 3.56 (m, 1H), 

3.64 (m, 1H), 3.90 (m, 1H), 4.05 -  4.26 (m, 3H), 4.36 (m, 1H), 4.54 (m, 1H), 4.66 (br, 

1H), 4.75 -  5.04 (m, 3H), 5.07 -  5.60 (m, 2H), 7.28 (m, 20H); )3C  NM R (CDC13) 6 

36.58, 45.06, 62.19, 71.26, 72.09, 72.98, 73.36, 74.69, 74.80, 75.06, 75.21, 75.91, 77.46, 

80.43, 80.88, 81.72, 83.13, 93.64, 94.27, 97.54, 100.87, 101.03, 108.68, 108.92, 127.29 -  

128.84 (several lines), 137.89, 138.77, 138.84, 139.23, 139.35.
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III.4.29 Triple Reductive Animations

•OH
BnO. BnO //,,.

BnO BnO BnO
BnO CHO BnO BnOOH

OBn OBn OBn

(III-24a) (III-24b) (111-54)

OHCHO

BnO BnOBnOBnO CHO BnOBnO 'OHOBn
OBn OBn

(III-25a) (III-25b) (III-55)

B nO
BnQCHO

OH BnOBnO

BnO BnOCHO BnO OH
OBn OBnOBn

(III-27a) (III-27b) (III-56)

The standard triple reductive amination procedure that was used for preparation of 

the compound (11-10) (section II.4.13) was applied to the tricarbonyl precursors (111-24) 

(0.15 g, 0.25 m mol), (111-25) (0.15 g, 0.3 mmol) and (111-27) (0.20 g, 0.33 mmol). 

Analogues of castanospermine (III-54) (65 mg, 48% ), (111-55) (0.054 g, 40 %) and (HI- 

56) (0.063 g, 34 %) was obtained respectively.
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For (111-53); R f = 0.55 (EtOAc : P.E = 50 : 50); ‘H NM R (C6D6) 8 1.70 (m, 1H), 1.88 (m, 

1H), 2.10 (t, 1H, J = 10.2 Hz), 2.33 (dd, 1H, J = 8.1, 15.6 Hz), 2.42 (dd, 1H, J =  5.1, 9.3 

Hz), 2.62 (t, 1H, J = 7.8 Hz), 3.06 (dd, 1H, J = 5.1, 7.8 Hz), 3.46 (t, 1H, J =  9.0 Hz), 3.64 

(t, 1H, J = 8.7 Hz), 3.75 (m, 1H), 3.84 (m, 1H), 4.35 (ABq, 2H, A8 = 0.09 ppm , 2H, J =

16.8 Hz), 4.51 (ABq, A8 = 0.03 ppm , 2H, J = 6.0 Hz), 4.85 (ABq, A5 = 0.38 ppm , 2H, J =

11.4 Hz), 4.91 (t, 2H, J = 12.3 Hz), 7.03 -  7.40 (m, 20H); 13C NM R (C6D6) 8 32.49,

52.20, 54.45, 71.66, 72.94, 73.27, 74.81, 76.12, 80.28, 82.76, 82.87, 88.49, 127.76 -

128.90 (several lines), 139.76, 139.80, 140.04, 140.27.

For (111-54); *H NM R (C6D6) 8 1.23 (m, 2H), 1.41 (m, 1H), 1.94 (m, 4H), 2.79 (td, 1H, J 

=  1.8, 8.4 Hz), 3.14 (dd, 1H, J =  5.4, 10.8 Hz), 3.37 (t, 1H, J = 8.7 Hz), 3.64 (t, 1H, J =

8.7 Hz), 3.81 (m, 1H), 4.53 (ABq, A8 = 0.05 ppm, 2H, J =  11.7 Hz), 4.74 (ABq, AS = 

0.16 ppm, 2H, J = 11.7 Hz), 5.00 (ABq, AS = 0.15 ppm , 2H, J = 11.1 Hz), 7 . 16( m,  15H); 

13C NM R (C6D6) 8 23.17, 30.04, 54.00, 55.03, 68.12, 73.10, 74.96, 76.09, 80.79, 84.71, 

88.32, 127.81, 127.92, 128.08, 128.20, 128.40, 128.71, 128.88, 129.02, 129.23, 139.90,

140.19, 140.44.

For (111-55); ‘H NM R (C 6D6) 8 1.57 (m, 1H, H2), 1.99 (t, 2H, J = 10.2 Hz, H3, H5), 2.20 

(m, 2H, H2, H8a), 2.79 (dd, 1H, J = 7.2, 8.4 Hz, H3), 3.19 (m, 1H, H5), 3.38 (dd, 1H, J =

3.0, 9.6 Hz, H7), 4.02 (br, 1H, H8), 4 .20 (m, 2H, H I, H6), 4.22 (ABq, A8 = 0 .20  ppm, 

2H, J =  11.7 Hz), 4.53 (ABq, AS =  0.14 ppm, 2H, J =  11.4 Hz), 4.59 (ABq, A8 =  0.22 

ppm, 2H, J =  11.7 Hz), 4.81 (ABq, AS = 0.52 ppm, 2H, J = 11.1 Hz), 7.27 (m, 20H); 13C 

NM R (C6D6) 8 31.06, 52.72, 55.87, 72.03, 72.27, 73.75, 73.60, 73.34, 75.52, 77.00,

78.36, 86.18, 79.10, 1 2 7 .8 4 -  128.91 (several lines), 139.67, 140.05, 140.19.
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Chapter IV

Synthesis of Quinolizidine and Pyrrolizidine Systems

IV.l Polyhydroxyquinolizidines -  General Considerations

Application of the TR A  strategy to the quinolizidines was next tested. The 

cyclization o f  the tricarbonyl precursor (IV -1) is interesting, because hydride reduction of 

the individual six m em bered im inium  ions should give opposite results. Therefore if the 

rates o f initial addition to both aldehydes, and the reduction formation o f the six 

membered im inium  ions were similar, the stereoselectivity would be expected to be low. 

How ever if the overall rate o f  form ation o f  one o f the tw o cyclic amines is m uch faster 

than the other, or a bicyclic im inium  ion is involved (Path B), the stereoselectivity could 

be high.

Scheme IV-1.

OH

_ ^ ,O M e  

OBn OM e
^•CHO
OBnOH

d-6) (IV-1) (II-7)
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Scheme IV-2.

BnO
Path A

BnO'

BnO
Top ring closes first

O B nBnO

TR A (IV-2)HTfavored

BnO

BnO CHO

TRA

CHO
OBnBnO'

BnO O B n
P a th  B(IV-1) BnO' BnOBnO OBn

H"favoredT R A

BnO'

O B nBnO
OBn

Path C (IV-3)

Bottom  ring closes first

IV.2 Synthesis

The hydroboration o f the previous obtained alkenyl acetal-alcohol (II-7) gave diol 

(IV-4). Sw em ’s oxidation o f (IV-4), followed by hydrolysis o f the resulting keto- 

aldehyde (IV-5), provided the tricarbonyl precursor. As for the previously prepared
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tricarbonyl compound, (IV-1) no evidence for the keto aldehyde tautomer (IV -la ) was 

observed. Instead, NM R data suggested a m ixture o f acetal diastereomers ( IV -lb ). 

Application o f the TRA conditions provided the tetra-O-benzyl polyhydroxyquinolizidine 

(IV-3) in 30 % yield as a single stereoisomer.

Schem e IV-3.

OM e

(II-7) (IV -4) (IV-5)

BnO,
OBnOBnCHOc

77%  Bn0 OH
BnOBnO CHO 30%  BnO

BnO OHOBn BnO
OBn OBn

( IV -la )  ( IV -lb )  (IV-3)

Key: (a). 9-BBN , THF, then 30% H 20 2, NaOH (3N); (b). Sw em ’s oxidation; (c 

). THF— 9M HC1; (d). 1.3(eq) N H 4HCO2, 30 (eq) NaCNBH3, MeOH.

COSY NM R was used to assign the protons o f polyhydroxyquinolizidine (IV -3). 

The configuration o f newly form ed chiral center was ascertained from the coupling 

constant between adjacent protons. H 8 and H9 appeared as triplet at 5 3.64 and 5 4.12
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ppm  respectively, both with a J value of 9.0 Hz. The magnitude o f the coupling constant 

suggests that H7, H 8 , H9 and H9a are all axial. Therefore the conform ation o f 

polyhydroxyquinolizidine (IV-3) was assigned as F ig u re  IV-1.

F igu re  IV -1.

OBn

BnO
BnO

OBn

(IV-3)

T ab le  IV-1. ‘H and 13C data for (IV -3)

*H 13c ......'

H I 3.91 C1,C 7,C8,C 9 70.76 o r  71.95 o r  73.09 o r  75.44

H2 0.91 C2 26.74
1.91

H3 1.13 C3 20.52
1.91

H4 1.91 C4 56.35
2.70

H 6 1.91 C 6 59.74
2.94

H7 3.72

H 8 3.64

H9 4.12

H 9a 1.91 C9a 68.99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



105

This stereochem ical result is consistent with initial formation of the more 

substituented piperidine (Path C), or the reduction o f a bicyclic im inium  ion (Path B). It 

is conceivable that nucleophile addition to the aldehyde on the low er ring could be faster 

than the other aldehyde, because o f the proximity o f the electron withdrawing benzyloxy 

substituents.

IV.3 Polyhydroxypyrrolizidines -  General Considerations

The synthesis o f the pyrrolizidine ring system was also investigated. The TRA of 

the tricarbonyl precursor (IV -6 ) is expected to occur w ith high stereoselectivity since the 

reduction o f all three possible iminium  ion intermediates should proceed from the same 

direction (Schemes IV-4, IV -5). However there was concern that the formation o f the 

[3'3'0] system m ight be very low yielding because o f  the low yield for the double 

reductive amination o f the 1,4-dicarbonyl precursor (11-28). (Schem e II-8)

Scheme IV-4.

(1-7) (IV-6) (IV-7) (IV-8)
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Scheme IV-5.

H ' disfavored 
(OBn same side) 
more steric hindranceBnO

NH

H" favored
Path A

; H ‘ disfavored 
! (OBn sam e side)

BnO,

NH Path BBnO.

BnO1

OBn 
H ' favored Favored product

Path C

BnO,.•H’ disfavored
BnO,

l r = N +
B n O ^ \ ^

O B n

Disfavored product
BnO1

OBn 
H" favored

BnO, CHO

CHO
BnO1

OBn
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IV.4 Synthesis

The mixture of the known alcohols (TV-10) and (IV-11) was obtained according 

the protocol developed by Danishefsky47. Thus the allylation o f  the aldehyde (IV-9) 

(three steps from 1,2,5,6-di-O-isopropyl D -glucofuranose (IV -8)), with allyl 

trimethylsilene and TiCLi gave (IV-10) and (IV-11) in ratio 6.5 : 1. Benzylation o f the 

m ajor alcohol, followed by m ethanolysis o f the product under acidic conditions provided 

a m ixture o f  methyl furanosides (IV-13oc/p). Benzylation o f (IV -13a/P) afforded benzyl 

ether (IV-14cx/p). The anomeric configuration was assigned by 13C NM R comparisons 

with known furanoside derivatives.51 The mixture (IV-14ot/p) was treated with IDCP and 

water, and this was followed by the W ittg reaction on the resulting aldehyde. The two 

step operations yielded iodo TH F’s alkene (IV -7) in 76%  overall yield. The compound 

(IV-7) was transform ed to keto diene (IV -15) through Zn mediated reductive elimination, 

followed by Sw ern’s oxidation of the resulting alcohol. The ozonolysis o f (IV-15) gave 

tricarbonyl compound (IV -6). As for previously obtained tricarbonyl compound no 

evidence o f the keto aldehyde tautomer was observed. The N M R evidence was consistent 

with the acetal (IV-6b).
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Scheme IV-6.

RQ R QCHO

d,e
OBn

84% OBnOBn

(IV-8) (IV-9)

BnO. B nQ

OBn72% OBn

OBn
OR

6.5 1

(IV-10) R = H; (IV-11) R = H 

(IV-12) R = Bn;

I
BnO,

75%
BnO'

OBn

(IV-13a/P) R = H; 

(IV-14oc/p)R=Bn;

(IV-7) (IV-15)

BnOiBnOi CHO OH

■OH.CHO BnO1BnO1

OBn OBn

(IV-6a) (IV-6b)

Key: (a). BnBr, NaH, n-Bu4NI, DM F(dry); (b). H2S 0 4, M eOH, H 20 ;  (c). N a I0 4, MeOH, 

H 20 ;  (d). CH2=CH CH2Si(CH 3)3, TiCl4, CH2CI2(dry); (e). BnBr, NaH, n-Bu4NI, 

DM F(dry); (f). HC1 (gas) in M ethanol; (g). BnBr, NaH, n-BtuN I, D M F (dry); (h). IDCP, 

CH 2C12 (wet); (i). W ittg reaction; (j). Zn, EtOH (95%); (k). Sw em ’s oxidation; (1) 0 3, 

P h3P;
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The TR A  was carried out on (TV-6). The m ajor product (IV-16) was obtained in 

yield 21 %. An unidentified product was also obtained in a 15 % yield. The structure of 

(IV-16)) was assigned by ‘H NM R (ID  & 2D), and I3C NMR. The configuration o f C4 

was determ ined by NOSEY. The observation o f a nOe between one o f the H I protons 

and H3 and H4 ensured that H3 and H4 were cis.

Scheme IV-7.

OBn OBn
OBn

(IV -6a) (IV-6b) (IV-16)
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Table IV-2 JH and 13C data for (IV-16)

*H

H I 2.71 C l 62.13
3.41

H 2 1.35 C2 30.71
1.83

H 3 3.66 C 3,C 5,C 6 71.62 o r  72.32 o r  80.28

H 5 3.61

H 6 3.84

H 7 2.75 C7 64.85
3.48

H 4 3.92 C4 66.33

F ig u re  IV -2

< 1%

BnO,

BnO

OBn

< 1%

(IV-16)
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Summary

The results for the pyrrolizidine and quinolizidine and indolizidine system 

indicate that it is possible to obtain high stereoselectivity in TRA cyclization on highly 

substituted substrates. For system which contain a piperidine ring, the stereoselectivity 

appears to be controlled by the stereochem istry o f the substrates on the forming six 

membered ring. However, a mechanism involving a bicyclic iminium  species can not be 

excluded. The yields o f  the TRA  reaction are somewhat modest for the indolizidines (40 - 

50 %), and lower for the quinolizidine (30 %) and pyrrolizidine (20 %) systems. The low 

yields in the latter cases m ight be an indication of a slower rate o f  form ation o f the 

associated iminium ion intermediates, which leads to increased formation o f side 

products resulting from  polyamination.

IV.5 Experimental

IV.5.1 Synthesis of Diol (IV-4)

A 0.5 M solution o f  9-BBN (19.7 mL, 9.87 mmol) in TH F was added to a solution 

of (II-7) (2.06 g, 3.29 mmol) in TH F (70 m L) at 0°C. The reaction m ixture was stirred at 

this temperature for 1.5 h, then warmed to rt for additional 18 h. The solution was cooled 

to 0°C, and a 1 : 1 m ixture (30 mL) o f 30 %  H 2O2 and 3N NaOH was added. The reaction

(11*7) (IV-4)
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solution was stirred for 30 min, then extracted with ether (3 x), combined organic 

solution, washed by brine, dried (NazSO ^,  concentrated in vacuo. The crude residue was 

purified with flash chrom atograph to afford (IV -4) (1.85 g, 87 %). R f =  0.40 (EtOAc : 

P.E  = 50 : 50); [a ]D +30.1 (c = 1.7, CHC13); ‘H N M R  (CDC13) 5 1.49 (m, 2H), 1.71 (m, 

2H), 3.25 (s, 3H), 3.40 (s, 3H), 3.53 (t, 2H, J = 6.3 Hz), 3.62 (br, 1H), 3.74 (br, 1H), 3.79 

(m, 2H), 3.96 (t, 1H, J = 4.2 Hz), 4.41 (ABq, A5 = 0.20 ppm, 2H, J = 11.4 Hz), 4.47 (d, 

1H, J = 6.3 Hz), 4.48 (ABq, A8 = 0.24 ppm, 2H, J = 11.4 Hz), 4.65(ABq, AS = 0.13 ppm, 

2H, J = 11.4 Hz), 4.74 (ABq, AS = 0.29 ppm, 2H, J = 11.4 Hz), 7.14 -7 .3 4  (m, 20H); ,?C 

N M R  (CDC13) 8 26.39, 28.86, 54.79, 56.40, 63.04, 71.63, 73.02, 73.38, 74.21, 74.51, 

75.95, 77.87, 78.36, 78.76, 106.00, 127.65 -  128.62 (several lines), 138.30, 138.44,

138.67, 138.81.

IV.5.2 Synthesis of Keto Aldehyde (IV-5)

(IV-4) (IV-5)

The standard Sw em ’s oxidation procedure that was used for the preparation of 

(II-8) was applied to diol (IV -4) (1.04 g, 1.6 mmol). Keto aldehyde (IV -5) (0.92 g, 89%) 

was obtained. R f = 0.65 (EtOAc : P.E = 30 : 70); [oc]D -  3.1 (c = 6.9, CHC13); ‘H NM R 

(CDC13) 8 1.74 (m, 1H), 1.92 (m, 1H), 2.28 (m, 2H), 3.37 (s, 3H), 3.45 (s, 3H), 3.84 (dd,
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1H, J =  3.9, 6.0 Hz), 4.14 (t, 1H J =  3.9 Hz), 4.15 (ABq, A8 = 0.28 p p m , 2H, J =  12.0 

Hz), 4.32 (m , 2H), 4.58 (d, 1H, J = 6.6 Hz), 4.63 (ABq, A8 = 0.15 p p m , 2H, J =  11.4 Hz), 

4.64 (s, 2H), 4.70 (ABq, A8 = 0.16 p p m , 2H, J =  11.4 H z), 7.12 -  7.40 (m , 20H), 9.48 (s, 

1H); 13C N M R (CDCI3) 8 24.57, 39.79, 54.52, 55.90, 71.91, 73.46, 74.26, 74.83, 77.66,

79.87, 80.42, 80.88, 105.55, 127.71 -  128.61 (several lines), 137.60, 137.97, 138.05, 

138.81, 201.57, 201.69, 208.25.

IV.5.3 Synthesis of Tricarbonyl Compound (IV-1)

BnO, OBnBnO.
CHOCHO

OHBnOBnO"
BnO

^OMe 

OBn OMe
BnO

^•CHO
OBn

BnO OHBnO
OBn

(IV -5) ( IV -la )  (IV -lb )

The keto-aldehyde (IV-5) (0.77g, 1.2 m m ol) was subjected to the hydrolysis 

conditions that was used for the preparation o f ( I I - l ) .  This procedure provided (IV -1) 

(0.55 g, 77 %). [a ]D +14.6 (c = 4.1, CHCI3); R f =  0.55 (EtOAc : P.E = 50 : 50); 'H  NM R 

(CDCI3) 8  1.88 (br, 4H), 3.52 (t, 1H, J = 8.4 Hz), 3.74 (m , 1H), 3.90 (d, 1H, J = 9.3 Hz), 

4.16 (m, 2H), 4.38 (m, 2H), 4.50 (m, 2H), 4.78 (m, 2H), 4.92 (d, 2H, J = 11.1 Hz), 5.01 

(d, 2H, J =  11.1 Hz), 5.09 (br, 1H), 7.21 -  7.46 (m, 20H); 13C NM R (CDC13) 8 21.94, 

31.54, 70.84, 73.23, 75.04, 75.37, 75.87, 78.33, 81.15, 84.21, 91.24, 92.88, 100.00, 

1 2 7 .7 0 -  128.32 (several lines), 137.99, 138.43, 138.54, 138.72.
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IV.5.4 Synthesis of 2,3,4,8 Tetra-O-benzyl Quinolizidine

BnO. OBn
CHO

OHBnO
BnOBnO ^~CHO

OBn OHBnO
OBn

BnO
BnO

OBn

(IV-la) (IV-lb) (IV-3)

The standard TR A  conditions was applied to (IV-1) (0.23 g, 0.39 mmol), using 

HCO2NH4 (0.041 g, 0.59 mmol), N aCN BH j (1.24 g, 11.7 mmol) and M eOH (20 mL). 

Com pound (IV-3) (0.061 g, 30 %) was obtained. Rf = 0.40 (EtOAc : P.E = 30 : 70) ); 

[ a ]D +29.5 (c = 0.2, CHCI3); ‘H NM R (C6D6) 8 0.91 (m, 1H), 1.13 (br, 1H), 1.91 (m, 

5H), 2.70 (d, 1H, J = 10.8 Hz), 2.94 (dd, 1H, J = 4.5, 11.1 Hz), 3.64 (t, 2H, J = 9.0 Hz), 

3.72 (m, 1H), 3.91 (br, 1H), 4.12 (t, 1H, J = 9.0 Hz), 4.22 (ABq, AS = 0.26 ppm, 2H, J =

11.7 Hz), 4.49 (ABq, AS =  0.05 ppm , 2H, J = 12.0 Hz), 4.87 (ABq, A5 = 0.32 ppm, 2H, J 

= 11.4 Hz), 5.03 (ABq, A5 = 0.31 ppm , 2H, J = 11.4 Hz), 7.03 -  7.38 (m, 20H); 13C NM R 

(C6D6) 8 20.52, 26.74, 56.35, 59.74, 68.99, 70.76, 71.95, 73.09, 75.44, 75.83, 79.08, 

79.18, 88.42, 127.58 -  128.86 (several lines), 139.86, 139.95, 140.23, 140.61.
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IV.5.5 Synthesis of Furanoside Aldehyde (IV-9)

(IV-8) (IV-8-1) (IV-8-2) (IV-9)

1,2,5,6-Di-O-isoproylidiene glucofuranose (IV-8) (20 g, 77 mmol) was subjected 

to the standard benzylation procedure (section II.4.2). The crude benzyl ether (IV-8-1) 

was obtained. Rf = 0.85 (EtOAc : P.E =  30 : 70).

0.8% H2SO4 (100 mL) was added to a solution o f the crude compound (IV-8-1) in 

m ethanol (100 mL). The mixture was stirred for 22 h at rt, then neutralized with saturated 

NaHCO.i, and extracted with ether (3 x 100 mL). The organic layer was dried (Na^SOj) 

and evaporated in vacuo. The residue was purified by flash colum n chrom atography to 

afford compound (IV-8-2) (22.8 g, 95% ) as a white solid. Rf = 0.30 (EtOAc : P.E = 30 : 

70); ‘H NM R (CHCI3) 8 1.30 (s, 3H), 1.47 (s, 3H), 2.83 (br, 2H), 3.67 (dd, 1H, J = 5.4,

11.4 Hz), 3.79 (dd, 1H, J = 3.3, 11.4 Hz), 4.02 (m, 1H), 4.09 (s, 1H), 4.11 (m, 1H), 4.60 

(d, 1H, J = 3.6 Hz), 4.62 (ABq, A5 = 0.13 ppm, 2H, J = 11.7 Hz), 5.91 (d, 1H, J = 3.6 

Hz), 7.33 (m, 5H); 13C NM R (CHCI3) 8 26.34, 26.85, 64.46, 69.28, 72.32, 80.12, 82.09, 

82.29, 105.27, 111.92, 127.94, 128.26, 128.77, 137.45.

To a solution o f compound (IV-8-2) (22.7 g, 73.2 mmol) in methanol (200 mL) 

was added saturated aqueous NalCL (18.8 g, 87.9 mmol) solution. The solution was
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stirred at rt for 30 min, then washed with saturated aqueous Na^SoO.-?, extracted with ether 

(3 x), dried (NaaSCU), and evaporated in vacuo. The residue was purified by flash column 

chrom atography to afford aldehyde (IV-9) (19.4 g, 69.5 mmol, 95 %). . tic Rf = 0.60 

(EtOAc : P .E  = 30 : 70); 'H  NM R (CHC13) 8 1.32 (s, 3H), 1.47 (s, 3H), 4.12 (m, 1H), 

4.28 (m, 1H), 4 .60  (m, 3H), 6.03 (m, 1H), 7.32 (m, 5H), 9.67 (s, 1H); 13C NM R (CHC13) 

8 26.55, 27.16, 63.25, 72.47, 82.41, 84.79, 105.42, 112.36, 127.89, 128.73, 128.65,

136.83,200.07.

IV.5.6 Reaction of Aldehyde (IV-9) with Allyltrimethylsilane

HQ HQCHO

Q B n
,OBnO B n

(IV-9) (IV-10) (IV-11)

To a solution o f com pound (IV-9) (8.7 g, 31.1 mmol) in anhydrous CH2CI2 (200 

mL) at -78°C  was added 1M TiCl4 (47.0 mL, 47.0 m m ol) solution. After the solution was 

stirred at -78°C  for 10 m in, allyl trimethylsilane (4.3 g, 37.3 mmol) was then added and 

the solution stirred at this temperature for additional 30 min, warmed up to rt, and 

neutralized with saturated aqueous N aH C 0 3. The m ixture was extracted with ether (3 x 

100 mL), and the organic layer dried (Na2S04), filtered and evaporated in vacuo. The 

residue was purified by flash column chrom atography to afford com pounds (IV-10) (7.5 

g, 75% ) and (IV-11) (1.2 g, 12%) in a respective o f ratio 6.5 : l .47
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IV.5.7 Synthesis of Di-O-benzyl Ether (IV-12)

HQ

Q B n

BnQ,

Q Bn

(IV-10) (IV-12)

Com pound (IV-10) (7.5 g, 23 mmol) was subjected to the general benzylation 

procedure (section II.4.2) to afford (IV-12) (9.3 g, 97 %). tic Rf = 0.40 (EtOAc : PE = 10 

: 90); ‘H NM R (CHC13) 5 1.49 (s, 3H), 1.56 (s, 3H), 2.26 (m, 2H), 3.91(m, 1H), 3.97(d, 

1H, J = 3.3 Hz), 4.30 (dd, 1H, J = 3.3, 8.1 Hz), 4.62 (ABq, A5 = 0.26 ppm, 2H, J = 11.7 

Hz), 4.70 (d, 1H, J = 3.9 Hz), 4.79 (ABq, A5 = 0.27 ppm , 2H, J = 11.7 Hz), 5.04 (dd, 1H. 

J = 1.2, 19.5 Hz), 5.10 (d, 1H, J = 10.8 Hz), 6.00 (m ,lH ), 6.08 (d, 1H, J = 3.9 Hz), 7.21 -  

7.46 (m, 10H); 13C N M R (CHCI3) 8  26.50, 26.88, 35.86, 71.59, 73.30, 77.73, 81.69, 

82.12, 83.68, 105.12, 111.68, 116.94, 127.33 -  128.57 (several lines), 134.78, 137.103, 

139.25.

IV.5.8 Synthesis of Furanoside Alkene Mixture (IV-13a/p)

BnO,BnO.BnO.

iOMe
,OBn OBn OBnOMe

OHOH

(IV-12) (IV-13a) (IV-13P)
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HC1 gas was bubbled through anhydrous methanol (20 m L) for 10 min. A portion 

o f this solution (1.5 mL) was added to a solution of alkene (IV-12) (1.21 g, 2.9 mmol) in 

anhydrous methanol (15 mL) for 30 min. Solid NaHCC>3 was carefully added to the 

reaction mixture until the solution was neutral. Concentration o f the reaction m ixture 

under reduced pressure, followed by  flash chrom atography of the residual slurry afforded 

a less polar product, (IV-13(3) (0.58 g, 51 %) and a more polar product, (IV-13a) (0.49 g, 

43 %). The a/(3 conformation o f acetal was assigned by l3C N M R51. The chemical shift 

o f the acetal carbon in (IV-13a) is more downfield than that in (IV-13P).

For (IV-13P) Rf = 0.40 (EtOAc : PE = 20 : 80); ‘H NM R (CDC13) 8 2.25 (m, 2H), 2.85 

(d, 1H, J = 6.9 Hz), 3.40 (s, 3H), 3.67 (dd, 1H, J = 6.0, 12.0 Hz), 3.86 (dd, 1H, J = 3.3,

5.4 Hz), 4.07 (t, 1H, J = 6.0 Hz), 4 .29 (m, 1H), 4.56 (ABq, A5 = 0.23 ppm , 2H, J = 11.7 

Hz), 4.61 (ABq, AS = 0.21 ppm , 2H, J =  11.7 Hz), 4.95 (m, 3H), 5.79 (m, 1H), 7.26 (m, 

10H); l3C NM R (CDC13) 8 35.96, 55.78, 71.78, 73.02, 76.80, 77.64, 80.69, 83.84, 

101.65, 117.13, 127.34, 127.86, 127.99, 128.19, 128.42, 134.84, 137.69, 139.05;

For (IV-13a) Rf = 0.30 (EtOAc : PE = 20 : 80); 'H  NM R (CDC13) 8 2.29 (m, 1H), 2.34 

(m, 1H), 2.80 (d, 1H, J = 3.3 Hz), 3.48 (s, 3H), 3.77 (dd, 1H, J = 4.8, 1.5 Hz), 3.90 (m, 

1H), 4.22 (dd, 1H, J = 4.5, 8-4 Hz), 4.24 (s, 1H), 4.54 (ABq, AS = 0.29 ppm , 2H, J = 11.7 

Hz), 4.76 (ABq, AS = 0.28 ppm , 2H, J = 11.4 Hz), 4.88 (s, 1H), 5.02 (m, 2H), 5.93 (m, 

1H), 7.36 (m, 10H); l3C NM R (CDC13) 8 35.80, 56.13, 71.68, 73.39, 77.89, 78.76, 82.38, 

84.03, 110.13, 116.99, 127.45, 127.91, 128.00, 128.28, 128.34, 128.47, 134.75, 137.39, 

139.05.
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IV.5.9 Synthesis of 2,3,5-Tri-O-benzyl Furanoside (IV-14a/P)

BnO, BnO.

■OMe OMeOBn OBn

OH OBn

(IV-13a/p) (IV-14a/p)

The general benzylation procedure (section II.4.2) was applied to the separated 

samples o f (IV-13P) (0.42 g, 1.1 m m ol), (IV-13a) (0.46 g, 1.2 mmol) and a m ixture o f 

(IV-13cc/p) (7.5 g, 25.0 mmol). Compound (IV-14p) (0.36 g, 69 %), (IV-14oc) (0.48 g, 85 

%) and a m ixture o f (IV-14o(/p) were obtained respectively.

For (IV-14p); R f = 0.50 (EtOAc : PE = 20 : 80); 'H  NM R (CDCI3) 8 2.33 (t, 2H, J = 6.6 

Hz), 3.39 (s, 3H), 3.64 (m, 1H), 4.15 (m, 2H), 4.25 (t, 1H, J = 6.3 Hz), 4.55 (ABq, A5 = 

0.12 ppm, 2H, J = 11.4 Hz), 4.58 (ABq, A5 = 0.17 ppm, 2H, J = 12.3 Hz), 4.68 (ABq, A8 

= 0.16 ppm , 2H, J = 11.7 Hz), 4.82 (d, 1H, J =  4.2 Hz), 5.00 (s, 1H), 5.05 (d, 1H, J =  6.0 

Hz), 5.80 (m, 1H), 7.30 (m, 15H); 13C N M R (CDC13) 6 36.21, 55.42, 72.71, 72.84, 

72 .93 ,77 .45 , 78.38,81.85 83.34, 100.71, 117.29, 127.41, 127.81, 127.99, 128.22, 128.28. 

128.47, 135.07, 137.93, 138.14, 139.02.

For (IV-14a ) ;  R f = 0.45 (EtOAc : PE = 20 : 80); 'H  NM R (CDC13) 5 2.23 (m, 1H), 2.33 

(m, 1H), 3.52 (s, 3H), 3.91 (m, 2H), 4.07 (s, 1H), 4.21 (dd, 1H, J = 4.5, 8.1 Hz), 4.51 

(ABq, A8 =  0.28 ppm, 2H, J = 12.0 Hz), 4.61 (ABq, A5 = 0.09 ppm, 2H, J = 12.3 Hz), 

4.78 (ABq, A5 = 0.21 ppm, 2H, J = 11.4 Hz), 5.03 (m, 3H), 5.93 (m, 1H), 7.38 (m, 15H);
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13C NM R (CDCI3) 8 35.90, 56.30, 71.59, 72.05, 73.43, 78.55, 80.67, 84.25, 85.23, 

108.63, 116.85, 127.33, 127.82, 128.03, 128.08, 128.25, 128.48, 128.59, 134.94, 137.31, 

137.61, 139.33

IV.5.10 Synthesis o f Iodo THF’s Alkene (IV-7)

BnO.
BnO,

■OMe
OBn O B n

OBnOBn

(IV-14a/P) (IV-7)

The m ixture (IV-14a/P) from last step was treated according to the general 

iodoetherification procedure. A m ixture iodo-TH F’s aldehyde (9.7 g, 82 % from a 

mixture o f (IV-13a/P)) was obtained. R f = 0.60 (EtOAc : PE = 20 : 80); ‘H NM R 

(CDCI3) 6 1.62 (m, 1H), 2.33 (m, 1H), 3.26 (m, 2H), 3.75 (br, 1H), 3.83 (m, 1H), 4.05 

(m, 1H), 4 .20 (dd, 1H, J = 4.2, 7.2 Hz), 4.24 (m, 2H), 4.43 (m, 2H), 4.58 (m, 1H), 4.67 

(m, 1H), 4.81 (m, 1H), 7.29 (m, 15H), 9.62 (s, 1H), 9.64 (s, 1H).

The m ixture of aldehyde (1.0 g, 1.7 mmol) from previous step was subjected to 

the standard W ittg m ethylenation procedure using CHsPhsPI (2.1 g, 5.1 mmol) and 1 M 

NaN(SiM e3)2 (4.8 mL, 4.8 mmol) in hexane (11-24) (Scheme II-8 ). Flash chrom atography 

of the crude reaction m ixture provided alkene (IV-7) (0.94 g, 94 %). R f  = 0.60 (EtOAc : 

PE = 20 : 80); JH N M R  (CDCI3) 5 1.67 (m, 1H), 2.39 (m, 1H), 3.37 (m, 2H), 3.76 (br, 

1H), 3.85 (m, 1H), 3.99 (m, 2H), 4.22 (m, 1H), 4.43 (m, 3H), 4.70 (m, 2H), 4.97 (m, 1H),
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5.31 (m, 2H), 6.08 (m, 1H), 7.37 (m, 15H); 13C NM R (CDCI3) 6 11.64, 37.92, 69.88, 

70.98, 74.63, 74.73, 77.13, 79.68, 81.24, 83.38, 118.54, 127.16, 127.24, 127.67, 127.81,

127.87, 127.99, 128.19, 128.28, 128.34, 128.63, 128.73, 136.25, 137.80, 138.24, 139.21.

IV.5.10 Synthesis of Keto Diene (IV-15)

BnO,

BnO

OBn

BnO,

OH

BnO'

OBn

BnO.

OBn

OBn

(IV -7) (IV -7-1) (IV -15)

The general reductive elimination procedure (section II.4.4) was applied to a 

mixture o f (IV -7) (0.60 g, 1.0 mmol) to give (IV-7-1) (0.40 g, 85 %). Rf = 0.65 (EtOAc : 

P.E = 20 : 80); *H NM R (CDCI3) 8 2.22 (m, 1H), 2.45 (m, 1H), 2.64 (d, 1H, J = 4.8 Hz), 

3.59 (dd, 1H, J = 5.1, 11.4 Hz), 3.67 (dd, 1H, J = 3.6, 6.0 Hz), 3.86 (dd, 1H, J = 4.8, 6.0 

Hz), 4.17 (t, 1H, J = 6.9 Hz), 4.55 (ABq, AS = 0.25 ppm, 2H, J =  11.4 Hz), 4 .57 (ABq, A8 

= 0.23 ppm, 2H, J =  11.4 Hz), 4.85 (ABq, AS = 0.25 ppm, 2H, J = 11.4 Hz), 5.13 (m, 

2H), 5.40 (m, 2H), 5.92 (m, 2H ), 7.38 (m, 15H); l3C NM R (CDCI3) 8 34.44, 70.66, 

71 .61 ,72 .07 ,74 .50 , 78.76, 80.16, 81.69, 117.48, 119.20, 127.65, 127.77, 128.10, 128.34, 

128.41, 134.36, 135.33, 138.34, 138.51.

Com pound (IV -7-1) (0.40 g, 0.87 mmol) was subjected to the standard Sw em ’s 

oxidation procedure (section II.4.5). (IV-15) (0.35 g, 88 %) was obtained. Rf = 0.75 

(EtOAc : P.E = 20 : 80); ]H NM R (CDCI3) 5 2.55 (m, 2H), 4.08 (t, 1H, J = 5.4 Hz), 4.32
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(ABq, A8  = 0.15 ppm , 2H, J = 11.4 Hz), 4.37 (d, 1H, J = 7.8 Hz), 4.42 (d, 1H, J = 3.9 

Hz), 4.51 (ABq, A8  = 0.34 ppm, 2H, J = 12.0 Hz), 4.65 (ABq, A8 =  0.20 ppm , 2H, J =

11.7 Hz), 5.13 (m, 2H), 5.36 (m, 2H), 5.80 (m, 1H), 5.96 (m, 1H), 7.35 (m, 15H); 13C 

N M R (CDC13) 8 34.81, 70.34, 71.93, 73.74, 79.96, 81.88, 84.34, 117.94, 119.57, 127.78, 

128.39, 128.35, 128.39, 133.50, 134.63, 137.61, 137.69, 137.90, 207.46.

IV.5.11 Synthesis of Tricarbonyl Compound (IV-6)

BnO,

BnO

OBn

BnO, BnO,CHO ■OH

.OHCHO
BnO' BnO

OBnOBn

(IV-15) (IV-6a) (IV-6b)

O3 was bubbled at -78 °C, through a solution o f keto-diene (IV-15) (0.50 g, 1.1 

m m ol) in CH2CI2 (10 mL). The progress o f the reaction was m onitored by tic until 

com plete disappearance of the starting material. The reaction vessel was purged with 

argon, and the reaction mixture warmed to rt. PI13P (0.54 g, 2.1 mmol) was then added 

and stirring continued under an argon atm osphere for lh . Concentration o f the reaction 

m ixture under reduced pressure, followed by flash chrom atography o f the residual slurry 

afforded the keto-dialdehyde (IV-6) (0.28 g, 53 %) and some dicarbonyl com pounds 

(0.13 g, 25 %). (IV-6) R f = 0.35 (EtOAc : P .E  = 50 : 50); ‘H NM R (CDCI3) 8 1.34, 1.96, 

2.20, 2.47 (all m, 4H), 4.01 (m, 1H), 4.18 (m, 1H), 4.37 (m, 1H), 4.53 -  4.84 (m, 6H), 

5.22 -  5.75 (m, 2H), 7.28 (m, 15H); l3C N M R (CDCI3) 8 38.45, 38.62, 60.53, 72.07 -
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73.32 (several lines), 74.89, 75.53, 81.81, 83.83, 87.35, 93.93, 97.68, 99.67, 110.57,

111.88, 1 2 7 .5 4 -  128.65 (several lines), 135.59, 137.30, 137.36, 137.40, 137.56, 137.60,

137.67, 137.72, 137.82, 138.10.

IV.5.12 Synthesis of Tri-O-benzyl Pyrrolizidine (IV-16)

BnO, CHO

CHO
BnO

BnO, OH

iOH
BnO

OBn
BnO'

OBn

(IV-6a) (IV-6b) (IV-16)

The standard TRA procedure was applied to (IV-6) (0.060 g, 0.13 mmol). (IV-16) 

(0.012 g, 21 %) was obtained. R f = 0.30 (EtOAc : P.E = 30 : 70); ‘H NM R (C6D6) 5 1.35 

(m, 1H), 1.83 (m, 1H), 2.71 (m, 1H), 2.75 (dd, 1H. J =  3.2, 12.8 Hz), 3.41 (m, 1H), 3.48 

(dd, 1H, J = 4.8, 12.8 Hz), 3.61 (br, 1H), 3.66 (m, 1H), 3.84 (m, 1H), 3.85 (s, 2H), 3.92 

(m, 1H), 4.09 (ABq, A5 = 0.10 ppm, 2H, J = 12.4 Hz), 4.28 (ABq, A5 = 0.11 ppm, 2H, J 

=  12.0 Hz), 7.15 (m, 15H); l3C NM R (C6D6) 5 30.71, 62.13, 64.85, 66.33, 71.62, 72.32. 

80.28, 81.29, 83.42, 83.86, 128.06, 128.39, 128.49, 128.71, 129.02, 129.07, 129.12,

138.07, 138.42.
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Appendix

*H, 13C and 2D NMR data of important compounds
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